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FOREWORD 


This  report,  FHWA-RD- 78- 69 ,  prepared  under  the  general 
direction  of  Professor  Richard  Roberts,  Lehigh  University, 
Bethlehem,  Pennsylvania  is  intended  as  a  workbook  to 
supplement  the  accompanying  report  FHWA-RD- 78- 68 .   Together 
they  provide  the  highway  bridge  engineer  with  examples  and 
applications  of  fracture  mechanics  criteria  in  order  to 
develop  an  understanding  and  working  knowledge  of  the  subject 

Sufficient  copies  of  the  report  are  being  distributed  to 
provide  a  minimum  of  one  copy  to  each  Regional  office,  one 
copy  to  each  Division  office,  and  two  copies  to  each  State 
highway  agency.   Direct  distribution  is  being  made  to  the 
Division  offices. 


Charles  F.  Scifeffey 
Director,  Office  of  Research 
Federal  Highway  Administration 


NOTICE 


This  document  is  disseminated  under  the  sponsorship  of  the  Department 
of  Transportation  in  the  interest  of  information  exchange.   The  United 
States  Government  assumes  no  liability  for  its  contents  or  use  thereof. 

The  contents  of  this  report  reflect  the  views  of  the  authors,  who  are 
responsible  for  the  facts  and  the  accuracy  of  the  data  presented  herein, 
The  contents  do  not  necessarily  reflect  the  official  views  or  policy 
of  the  Office  of  Research.   This  report  does  not  constitute  a  standard, 
specification,  or  regulation. 

The  United  States  Government  does  not  endorse  products  or  manufacturers. 
Trade  or  manufacturers'  names  appear  herein  only  because  they  are  con- 
sidered essential  to  the  object  of  this  document. 
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PREFACE 

This  student  workbook  is  a  companion  volume  to  the  report  entitled 
"Fracture  Mechanics  for  Bridge  Design."  The  purpose  of  the  workbook  is 
to  provide  the  reader  with  a  copy  of  the  figures  and  tables  used  in  the 
development  of  a  basic  understanding  of  Fracture  Mechanics  as  applied 
to  Bridge  Design.  These  figures  and  their  accompanying  captions  will 
greatly  assist  the  reader  in  following  the  material  presented  in  the 
accompanying  volume.  Furthermore,  the  workbook  provides  a  convenient 
method  for  working  problems  and  examples  presented  in  the  accompanying 
volume. 
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FIGURES  -  SESSION  1 

INTRODUCTION  AND  OVERVIEW  OF 
FRACTURE  MECHANICS  AS  RELATED  TO  BRIDGE  STRUCTURES 


1-1.  Brittle  Fracture  Surface 

a)  sudden  type  of  failure 

b)  no  warning 

c)  nil  ducti I ity 

NOTES :  " 


2. 


1-2.   Pt.  Pieasant  Bridge  after  Brittle  Fracture 


NOTES : 


3. 


1-3.  Closeup  of  Eyebar  in  Pt.  Pleasant  Bridge 


NOTES : 


1-4.   Fa i led  Eyebar 


a)  brittle  behavior 

b)  ducti le  behavior 

c)  yielding  and  elastic  core 


NOTES 


5. 


Figure  1-5.   Fracture  surface  of  Point  Pleasant  Bridge 
Eyebar 

a)  flat  fracture 

b)  very  small  shear  lips 
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1-6.  Critical  crack  size  -v  1/8-inch 

a)  stress  corrosion  or  corrosion  fatigue 

b)  non-i nspectab le 

NOTES : 
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1-7.   Very  Low  Notch  Toughness 

a)  K.  *  40  ksf/in.  at  +32°F 

Ic 

b)  CVN  ^  2  ft  lbs. 


NOTES : 


8. 


1-8.  Historical  -  World  War  II  Ships 
a)  Major  Problem 

NOTES : 


9. 


1-9.   Recent  1972  Brittle  Fracture 


NOTES 


10. 


t  — 10-  Comparison  of  1943  and  1972  Failures 

a)  distinct  differences  in  materials  and  loadings 

b)  resistance  factors  improved 

c)  for  this  failure,  load  factor  very  high 

NOTES :      " 
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l-ll.   Significant  reduction  in  number  of  failures  but 
occasionally  failures  still  do  occur 

a)  1967  -  Pt.  Pleasant  Bridge 

b)  1970  -  Bryte  Bend  Bridge 

c)  1971  -  Fremont  St.  Bridge 

d)  1972  -  Ingram  Barge 

e)  1975  -  Lafayette  St.  Bridge 

NOTES : 


12. 


MATERIAL  TOUGHNESS 

STRESS 

TEMPERATURE 

LOADING  RATE 

CONSTRAINT 

REDUNDANCY 

RESIDUAL  STRESSES 

PLATE  THICKNESS 

FLAWS 

INSPECTION 

STRESS  CORROSION 

1-12.   Many  Factors  Affect  Brittle  Fracture 

a)  material  toughness  g)  residual  stresses 

b)  stress  h)  plate  thickness 

c)  temperature  i)  flaws 

d)  loading  rate  j)  inspection 

e)  restraint  k)  stress-corrosion 

f)  redundancy  crack  growth 


I)   fatigue  crack  growth 


NOTES ; 


3. 


MIN.  SERVICE  TEMPERATURE 
FOR  SHIP  HULLS 
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1-13. 


Basic  Transition  Temperature  Approach 

a)  some  level  of  toughness  at  service  temp, 
(ft  lb,  L.E.,  or  %   shear) 

b)  impact  loading  only 

c)  small  scale  CVN  specimens  (or  others) 

d)  no  effect  of  thickness 

e)  NDT  reference  point 


NOTES 
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1-14.      Effect  of    Loading   Rate 

a)  dynamic 

b)  intermediate 

c )  s I ow 


NOTES 


SLOW  8EN0  Kfc 
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MINIMUM  SERVICE 
TEMPERATURE  FOR 
DYNAMIC  LOADING 
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1-15.   Design  Significance  of  Loading  Rate 


NOTES 
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1-16.   Example  of  CVN  Shift  for  A36  Steel 


NOTES 


17. 


Kc  ■  CRITICAL  VALUE  OF  K, 


INCREASING  FLAW  SIZE,  2d 


1-17.   Fracture  Mechanics  Framework 

a)  stress  or  loading  at  service  temperature 
and  loading  rate 

b)  material  toughness  at  service  temperature 
and  loading  rate 

c)  severity  of  discontinuity  or  flaw  size 
(sub-critical  crack  growth) 

d)  brittle  fracture  is  not  just  a  material 
problem 

e)  fracture  mechanics  accounts  for  factors 
other  than  just  material  toughness 

NOTES : 


8. 
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1-18. 


Stress  Intensity,  K.,  ahead  of  sharp  crack 

a)  K| 

b)  comparison  of  plastic  zone  size  to  size  of 
elastic  stress  field 

c)  specimen  size  requirements 


NOTES 


19. 


x-uX 

YTTT. 


THROUGH  THICKNESS  CRACK 
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EDGE  CRACK 
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1-19.   Ki  Relations  for  Various  Crack  Geometries 

a)  interaction  between  a  and  a 

b)  K,  and  K, 


lc 


NOTES ; 


20. 


\       INCREASING  MATERIAL 


(FRACTURE  ZONE) 


Ke  ■  CRITICAL  VALUE  OF  K, 


WCREASNG  FLAW  S8ZE.  2a 


1-20.   Interrelation  Between  K. 


K,  ,.a 
lc' 


a)  Effect  of  improved  toughness 

b)  Effect  of  Lower  stress 

c)  Effect  of  Improved  fabrication 


NOTES 
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COLUMN  RESEARCH  COUNCIL 
COLUMN  STRENGTH  CURVE 


YIELDING 


L/r 
(o)  COLUMN  INSTABUTY 


(b)  CRACK  INSTABILITY 


1-21.  Analogy  with  Euler  Curve 

a)  Design  to  stay  below  Euler  and  K.  curves 

b)  Effect  of  yielding 

NOTES : 
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K,  *U2<rvW 


a  ( in.) 


1-22. 


K.   Relation  for  Edge  Crack 

a)  Comparison  of  "critical  crack  sizes  at 
different  stress  levels 


NOTES : 
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a  ( in.) 

1-23.   K,   =  55  and  150 
Ic 

a)  Effect  of  Improved  toughness  on  a 

b)  At  higher  toughness  levels,  correlations 
are  needed  but  approximations  are  meaningful 

c)  e.g.  -  a   *  . I  or  I .0. 

NOTES : 


24. 


0  =  APPLIED  STRESS,  KSI 
a  =  CRACK  LENGTH,  INCHES 

K    =  STRESS  INTENSITY  FACTOR  AHEAD 

1  OF  A  SHARP  CRACK,  KSI/TNOT 

K   =  CRITICAL  STRESS  INTENSITY  FACTOR, 
Ic   KSI/ITCR,  AT  WHICH  UNSTABLE  CRACK 
GROWTH  OCCURS 

PLANE  STRAIN  =  STATE-OF-STRESS  UNDER  MAXIMUM 

CONSTRAINT  (THICK  PLATES- 

CTz  =  ^ax  +  °y> 
PLANE  STRESS  =  STATE-OF-STRESS  UNDER  MINIMUM 

CONSTRAINT  (THIN  PLATES-cx2  =  0) 


1-24.   Summary  of  Terms 
NOTES : 
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1-25.   K.   is  a  function  of  Temperature  and  Loading  Rate 
a)  simi lar  to  a  but  effect  is  greater 

NOTES : 
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PLANE- 

""•^                              BEHAVIOR 

BEHAVIOR 

1-26. 


THICKNESS,  B,  iac*o 


Critical  K  (K  or  K.  )  is  a  function  of  thickness 
c     lc 


NOTES 


a)  plane  stress 

b)  plane  strain 

c)  thickness  vs.  constraint 


27. 


i-27.  Actual  Flaw  Size  compared  with  theoretical  flaw  size 
NOTES: 


28. 
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1-28.  Design  Use  of  K, 
3         I 
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a)  K,   =  60 

b)  K ,  =  120 

c)  for  K.  values  at  service  temperature  and 
loading  rate 


NOTES : 
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1-29.  Temperature  Effect  on  K.   and  K   similar  for  Other 
Notch  Toughness  Tests 

a)  K,c  and  K 

b)  CVN 

c)  DT  (notch  acuity  and  cold  work) 

NOTES : 
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NOMINAL 
STRESS 


1-30.  Stress- Intensity  ahead  of  Crack 

a)  behavior  for  K|c  as  CVN  and  DT 

b)  advantages  of  K|c  =  stress,  flaw  size  rather 
than  energy 

c)  analysis  valid  for  many  geometries 

NOTES : 
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1-31 


Various  K.  Test  Specimen 
Ic      r 

a)  CTS 

Bend 

Notched  Round 


b) 
c) 
d) 


K,   Value  can  be  used  in  design 
Ic  3 
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fa)  KK/C0O  TEST  SETUP 


...,_-    CLIP  GAGE  DISPLACEMENT 
KK  CONTROLS  A,  in 

(b)  LOAD  DISPLACEMENT  RECORDS  FROM  KKAX»  TESTS 
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^i^JCALCULATE  8c) 
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(CALCULATE  Kc)  j 
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AT  FRACTURE  AT  MAX  LOAD 

CLIP   GAGE   DISPLACEMENT,  inches 


1-32.   Slow-Bend  Test  Setup 

a)   K.   -  elastic 
c)  COS  -  inelastic 


NOTES : 


33. 
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1-33.  P-A  Record  for  Elastic  Behavior 

a)  Linear 

b)  Clear  instabi I ity 

NOTES : 


34. 
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1-34.   P-A  Record  for  inelastic  behavior 

a)  non-1 inear 

b)  ductile  crack  extension 

c)  Kj  ana  lysis  inva I  id 

d)  typical  of  bridge  steels  at  service 
temperatures  and  loading  rates  - 
fortunately 

NOTES : 
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1-35.   Fracture-surface  of  K, 


,.  Test  Specimen 

a)  inelastic  behavior 

b)  shear  lips  suppressed  artifically 

c)  lateral  contraction 


NOTES : 
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1-36.      Design   Use  of    K.      Values 
3  Ic 

a)  exact 

b)  approximate 

,    c)  correlations 

NOTES  r 
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Ke  »  CRITICAL  VALUE  OF  K, 


INCREASING  FLAW  SIZE,  2a ^ 


1-37.   Fundamental  fracture-resistant  design  approach 

a)  lower  stress 

b)  improve  fabrication 

c)  use  tougher  materials 

d)  engineers  knew  this,  but  fracture  mechanics 
defines  trade-offs 

NOTES : 


38. 


K      VALUES  FOR  BRIDGE  STEELS 
IC 


K    =  f  /temperature,     \ 

IC  LOADING  RATE, 

\  PLATE  THICKNESS/ 


1-38.   K|c  Values  depend  on  Temperature,  Loading  Rate, 
Thickness  (constraint) 

NOTES : 
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1-39.   Effect  of  Temperature  and  Loading  Rate  on  K|c 
for  A572  Steel 

a )  s I ow 

b)  intermediate  (Ottawa  bridge  test  results 
plus  others  for  bridges 

c)  dynamic 
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-40.   Effect  of  Temperature  and  Loading  Rate  on  K|c  for 
A36  Steel 

a)  Note  metal lurgical  effect  as  limiting 
temperature  is  reached 

b)  significant  improvement  in  toughness 

c)  basis  of  AASHTO  for  intermediate  loading  rate 


NOTES : 
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1-41.  Test  Results  for  A588 


NOTES : 


a)  scatter 

b)  effect  of  loading  rate 

c)  actual  behavior  better  than  guaranteed 
minimum 
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1-42.     A44I    Test  Results   from   Lehigh 

a)  thickness 

b)  loading  rate 

c)  temperature 

NOTES :   '  " 
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1-43.  Fracture  Surfaces  Showing  Effect  of  Thickness 

a)  original  2-inch  thick  plate 

b)  specimens  from  center-line  (no  metallurgical 
effect) 

c)  shear  lip  size  similar 

NOTES : 
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1-44.  Test  Results  showing  effect  of  Thickness 

a)  plane  stress  is  function  of  thickness 

b)  plane  strain  is  minimum  value 

c)  constraint  similar  to  thickness 


NOTES 
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1-45.  Design  Significance  of  Loading  Rate 

a)  basis  of  AASHTO  toughness  requirements 

notes! 
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1-46.      Loading   Rate  Shift   for  A36,   A572,   A5I4 

a)  measured   by  several    investigators 

b)  depends  on  yield   strength 


NOTES 
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1-47.   Loading  Rate  Shift  is  a  function  of  Yield  Strength 

a)  T~  =  215-1.5  a   (a   <  140) 
S  ys   ys 


b) 


Tc  =  0  (a   >  140) 
S       ys 
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1-48, 


K.   -  CVN  Correlation 

a)  static  CVN  -  static  K|, 

b)  impact  CVN  -  dynamic  K 

c)  fatigue  cracked 

d)  A  =  5  for  regular  CVN  impact 


Ic 


NOTES 
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1-49.  AASHTO  Specification  Based  on  CVN 

a)  Quality  Control  Test 

b)  Minimum  Value  in  impact  test 

c)  Loading  Rate  Shift 

NOTES : 
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1-50.  Class  I  AASHTO  Toughness  Specification 

a)  Service  Temperature  =  0°F 

b)  CVN  impact  -  15  ft  I b  at  +70°F 

c)  Loading  Rate  Shift 

d)  Intermediate  loading  rate  behavior 

NOTES : 
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1-51.  AASHTO  -  3  zones 

a)  >  0°F 

b)  -30  to  0°F 

c)  -60  to  -30°F 

NOTES :  ~~ 


52. 


CVN  Impact  Value,  ft  lb 

ASTM 
Designation 

Thickness  (in.) 

Zonel* 

Zone  2* 

Zo«  J* 

A36 

15  @  70°F 

15  @  40°F 

15  @  10°F 

A572 

Up  to  4  in.  mechanically  fastened 

15@70°F 

15@40°F 

15  @  10°F 

Up  to  2  in.  welded 

15  @  70°F 

15  @  40°F 

15  @  10°F 

A440 

15  @  70°F 

15  @  40°F 

15  @  10°F 

A441 

15  @  70°F 

15@40°F 

15  @  10°F 

A242 

15  @  70°F 

15  @  40°F 

15  @  10°F 

A588" 

Up  to  4  in.  mechanically  fastened 

15  @  70°F 

15@40°F 

15  @  10°F 

Up  to  2  in.  welded 

15@70°F 

15@40°F 

15  @  10°F 

Over  2  in.  welded 

20  @  70°F 

20  @  40°F 

20  @  10°F 

ASM 

Up  to  4  in.  mechanically  fastened 

25  @  30°F 

25  @  0°F 

25  @  -30°F 

Up  to  2|  in.  welded 

25  @  30°F 

25  @  0°F 

25  @  -30°F 

Between  2J-4  in.  welded 

35  @  30°F 

35  @  0°F 

35  @  -30°F 

'Zone  I :    minimum  service  temperature  0°F  and  above. 
Zone  2:    minimum  service  temperature  from  —  1°  to  — 30°F. 
Zone  3:    minimum  service  temperature  from  —31°  to  — 60°F. 
••If  the  yield  point  of  the  material  exceeds  65  ksi,  the  temperature  for  the  CVN  value  for  acceptability  shall  be  reduced  by  15°F  for  each  increment  of  10  lui 
above  63  ksi. 


1-52.  Table  of  AASHTO  Toughness  Requirements 

a)  Effect  of  a 

b)  Effect  of  thickness 

c)  Effect  of  stored  elastic  energy 

NOTES : 
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Ke  «  CRITICAL  VALUE  OF  K, 


NCREASIN6  FLAW  SIZE,  2a 


1-53.  Overall  Fractut e  Control  Plan 

a)  Materials 

b)  Design 

c)  Fabrication 

d)  Loading 

e)  Sub-critical  crack  growth  (fatigue, 
stress  corrosion) 

NOTES : 


54. 


FRACTURE  CONTROL  PLAN 


IC 


K  =  MATERIAL  PROPERTY 
IC 


o  =  DESIGN 

a  =  FABRICATION  AND  INSPECTION 


1-54.   Fracture  Control  Plan 


a)  Materials 

b)  Design 

c)  Fabrication 

d)  Brittle  fracture  problems  will  not  be  solved 
merely  by  AASHTO  toughness  requirements 


NOTES : 


55. 


INFORMATION  REQUIRED  FOR  FRACTURE 
CONTROL  PLAN  FOR  BRIDGES 


1)  TOUGHNESS  VALUES  OF  BRIDGE  STEELS 

2)  FLAW  SIZES  IN  BRIDGE  MEMBERS 

3)  FATIGUE  CRACK  GROWTH  BEHAVIOR 

4)  FRACTURE  TOUGHNESS  CRITERIA 

1-55.   Information  Required  for  Fracture  Control 

a)  Toughness  Values 

b)  Flaw  Sizes 

c)  Fatigue  Behavior 

d)  Criteria 

e)  Service  experience 

NOTES: 


56. 


FLAW  SIZE, a 


NUMBER  OF  APPLIED 
LOAD  CYCLES       N 

REGION  1- DIFFICULTY  IN  REGION  2 -FLAWS  CAN 

DEFINING  FLAW  SIZE  (DIS~  FIRST  BE  OBSERVED  IN 

LOCATION    MlCROCRACK,  AN  ENGINEERING  SENSE 
POROSITY,  ETC  ) 


REGION  3 -CRACK  GROWTH 
CAN  BE  OBSERVED 


I -56.      General    Fatigue  Behavior 

a)  Initiation 

b)  Propagation 

c)  Unstable 


NOTES : 


il 


57. 


3.0  r 


18,000 


20,000  40,000  60,000  80,000 

NUMBER  OF  CYCLES  OF  LOADING,  N 


1-57.      Fatigue  Crack  Growth  Curve 

a)  da/dN  =  A(AK)m 

b)  growth  is  a  power  function  of  Aa 

c)  rate  increases 

d)  large  effect  of  a 

3  o 

NOTES : 
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1-58.   Fatigue  Crack  Growth  Behavior 

a)  da/dN  related  to  AKm 

b)  general  band  for  structural  steels 

c)  ferrite  pearl ite  steels  da/dN  = 
3.6  x  ICn10  (AK|)3-0 

d)  martensitic  steels  da/dN  =  0.66  x  I 0"8 
(AK,)2-25 

NOTES : 


59. 


AN  * 


0.66  x  10-«[1.98(Aa)V<7.Ygl*" 

where  Aa  =  0.10  in.  (2.54  mm) 

A<r  =  20ksi(i38MN/m*) 


a9 

«/ 

a*Tg 

AJC 

AN 

S* 

0*1 

(/«.) 

(in,) 

(ibiVw.) 

(cycles) 

(cycles) 

0.3 

0.4 

0.35 

23.5 

12,500 

12,500 

0.4 

0.5 

0.45 

26.7 

9,750 

22,250 

0.5 

0.6 

0.55 

29.4 

7,550 

29,800 

0.6 

0.7 

0.65 

32.2 

6,150 

35,950 

0.7 

0.8 

0.75 

34.6 

5,200 

41,150 

0J 

0.9 

0.85 

36.6 

4,600 

45,750 

0.9 

1.0 

0.95 

38.8 

4,100 

49,850 

1.0  1.1  1.05  40.5  3,700  53,550 


1-59.  Table  Showing  Crack  Growth  Information 

^      *m  Aa 

a)  AN  =  MAKF 

b)  AN  =  A(C  ttoX W 

avg 

c)  A,   C,   m  are  geometry  and  material    constants 
NOTES : 
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FLAW  SIZE, 


IV  |  (IMPROVEMENT  IN  LFE  DUE 
TO  LARGE  IMPROVEMENT 
M  NOTCH  TOUGHNESS) 


(PLASTIC) 
BEHAVIOR 


IMPROVEMENT  IN 
LFE  DUE  TO  LOWER 
STRESS  LEVEL) 


(IMPROVEMENT  IN  LIFE  DUE  TO 
SMALLER  INITIAL  FLAW  SIZE)    . 


NUMBER  OF  CYCLES  OF  FATIGUE  LOAOMG 


1-60, 


Effect  of  Fracture  Resistant  Design 

a)  Region  I  -  effect  of  lower  stress  range 

b)  Region  I  I  -  effect  of  better  fabrication 
and  inspection 

c)  Region  III  -  effect  of  moderate  level  of 
notch  toughness  (AASHTO) 

d)  Region  IV  -  effect  of  even  higher  toughness 


NOTES ; 


61. 


FIGURES  -  SESSION  2 

CONCEPTS  OF  FRACTURE  MECHANICS  - 
FATIGUE  CRACK  GROWTH  AND  FRACTURE  CONTROL 


62. 


FATIGUE   LIFE 


CRACK    INITIATION 


CRACK    PROPAGATION 


FINAL  FAILURE 


2-1.  Elements  for  a  Fracture  Control  Plan 

a)  The  life  of  structural  components  subjected 
to  cyclic  loading  is  governed  by  the 
initiation  and  propagation  of  cracks  to 
critical  dimensions. 

b)  The  useful  life  of  such  components  is  equal 
to  the  sum  of  the  initiation  life  and  the 
subcritical  propagation  life. 

c)  One  must  be  able  to  predict  the  initiation-, 
subcritical -crack-propagation-,  and 
unstable-crack-propagation  behavior  to 
establish  a  Fracture  Control  Plan  to  ensure 
the  safety  and  reliability  of  the  structure. 

NOTES : 


63. 


-I 1 — I — I    I  I  I  1 1 1 1 — I — I    I  I  I  1 1 1 1 — I — I   I  I  I  I. 


INITIATION  LIFE 
PROPAGATION  LIFE 
TOTAL  LIFC 


-I 1 — I    I    I    I  I ■  ■ I ■      i    ■    i    ■  I 


-I I I    I    I 


NUMBER   OF  CYCLES    TO  FAILURE,  N,    LOB  SCALE 


2-2. 


Schematic  S-N  Curve  Divided 
"Propagation"  Components 


into  "Initiation"  and 


a)  Small  smooth-rotating-beam  specimens. 

b)  Low-cycle  (high-stress-fluctuation)  life  is 
primarily  propagation. 

c)  High-cycle  (low-stress-fluctuation)  life 
is  primarily  initiation. 

d)  Endurance  limit  is  fully  initiation. 

e)  Change  in  surface  roughness  or  in  specimen 
geometry  changes  the  S-N  curve. 

f)  We  must  separate  the  initiation  and  propa- 
gation behavior. 


NOTES : 


64. 


NOMINAL 
STRESS 


2-3.  Schematic  Illustration  of  the  Elastic-Stress-Field 
Distribution  Near  the  Tip  of  an  Elliptical  Notch 
(Mode  I  Deformation) 

a)  Most  fatigue  cracks  initiate  at  regions  of 
stress  concentration. 

b)  Stress  field  in  the  vicinity  of  the  notch 
depends  on  the  stress- intensity-factor, 
K.,  and  on  the  radius  of  the  notch  tip. 

NOTES : 


65. 


2-4.  Test  Specimen  Simulation  of  Stress  Concentrations 
in  Structures  (a)  Strain-Controlled  Specimen, 
(b)  Stress-Controlled  Specimen. 

a)  Smooth  specimens  tested  under  strain  control 
are  used  to  simulate  the  plastic  damage 

at  the  tip  of  a  notch. 

b)  A  better  procedure  is  to  use  a  large  specimen 
containing  a  notch  and  subjecting  the 
specimen  to  the  nominal  elastic  stress 
magnitudes  and  fluctuations  that  simulate 
those  in  the  structural  component  of  interest. 

NOTES : 
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ENLARGED    NOTCH  DETAIL 

2-5.  Double-Edge-Notched  Specimens 

a)  Specimens  contain  notches  of  various 
severities. 

b)  Specimens  subjected  to  various  stress 
fluctuations. 

NOTES : 
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2-6. 


Dependence  of  Fatigue-Crack  Initiation  of  HY-130  Steel 
on  Nomina  I -Stress  Fluctuations  for  Various  Notch 
Geometries 

a)  Specimens  containing  same  stress  concentration 
(same  notch  geometry)  give  a  curve  that 
represents  the  life  to  initiate  a  small 
crack,  N.. 

b)  The  crack-initiation  life,  N.,  decreases  with 
increased  stress-concentration  factor,  K. 

c)  For  the  same  notch  geometry  (that  is,  same  K,), 
the  initiation  life  decreases  with  increased 
magnitude  of  the  stress  range. 


NOTES : 


68. 
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2-7. 


Correlation  of  Fatique-Crack- Initiation  Life  with 
the  Parameter  AK./i/p  for  HY-130  Steel. 

a)  The  effect  of  specimen  and  notch  geometry 

can  be  correlated  using  the  fracture  mechanics 
parameter,  AK. 

b)  The  parameter  AK  times  a  constant  equal  to 

about  1.2  is  equal  to  the  maximum  stress 

fluctuation  in  the  region  of  the  stress 
concentration. 

c)  The  fatigue-crack-initiation  threshold  for 
various  geometries  occurs  at  the  value  that 
appears  to  be  characteristic  for  the  material 
tested . 


NOTES: 


69. 


7" 


1   in.  =  25.4  mm 
1  degree  =  .017  rad 


Root  Radius  1/8' 


\s 


Notch   Root  &  Area  Around  Notch 
Polished  to  No.  8  Finish 


Nominal 


2-8.  Single-Edge-Notched  Bend  Test  Specimen 

a)  Any  notched  specimen  can  be  used  to  study 
crack  initiation. 

b)  The  only  requirement  is  to  have  a  stress-field 
analysis  or  K.  for  that  specimen. 


NOTES : 


70. 


AKVP,  ksi 


180 


160- 


140- 


120- 


100 


80 


60- 


AK/y/p,  MN/m' 


I    1   T 


1     T    M 


"l — i — i   i   i  m 


4340  [au  »  212) 


^0* »«4*-» 


A517F 


J — i   i  :  l  i 


i    '   ' 


T~*"i 


1200 


1000 


800 


600 


-400 


10  102  103  104 

FATIGUE-CRACK-INITIATION  CYCLES,  N(  x   103 

2-9.  Fatigue-Crack-Initiation  Behavior  of  Various  Steels 

a)  Data  obtained  using  a  3-point-bend  loaded 
specimen  under  zero-to-tension  loading. 

b)  The  fatigue-crack-initiation  threshold 
increases  with  steel  strength. 

NOTES : 


71. 


AK, 


.    MN/m' 


th 


200 


oT,  ksi 


200 

100 

60 
40 


400  600 

— i — i — r— i 


1400 

— I — 


4340.. 

; 

130  / 


HY-130  . 
.Xa517- 


ys 

(212) 
092) 
(180 
(134) 


403 


■HY-80 
A537A 


AKj/OjV^T)^  =  0.9 


J L 


2000 
1400 


600 


400 


200 


oT.  MN/m' 


20      40   60    100     200 


.ksi 


2-I0. 


Dependence  of  Fatigue-Crack-Initiation  Threshold 
on  Tensile  Strength 

a)  Fatigue-crack-initiation  threshold  appears 
to  be  related  to  tensile  strength. 

b)  The  data  suggest  that  fatigue-crack  initiation 
at  a  stress  ratio  of  +0. I  occurs  when  the 
maximum  stress  range  at  the  notch  tip  is 
equal  to  the  tensile  strength  of  the  material. 


NOTES : 
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2-II. 


Dependence  of  Fatigue-Crack-Initiation  Threshold 
on  Strain-Hardening  Exponent 

a)  Fatigue-crack-initiation  threshold  appears  to 
be  related  to  the  strain-hardening  exponent. 

b)  The  scatter  in  the  fatigue-crack-initiation- 
threshold  data  when  correlated  with  the  strain- 
hardening  exponent  is  less  than  when  correlated 
with  the  tensile  strength. 


NOTES : 
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2-12. 


Dependence  of  Fatigue-Crack- Initiation  Threshold  on 
Yield  Strength 

a)  The  best  correlation  is  obtained  when  the 
fatigue-crack-initiation  threshold  data  is 
correlated  with  yield  strength. 

b)  The  slide  also  contains  data  obtained  at 
various  stress  ratios. 

c)  The  data  show  that  the  fatigue-crack-initiation 
threshold  subjected  to  various  stress  ratios 
depend  on  the  total  stress  range  (tension 

and  compression).  Thus,  the  correlating 


parameter  is  AK,  .  . 


NOTES : 


74. 


CLAW  SIZE, a 


NUMBER  OF  APPLIED 

LOAD  CYCLES       N— ► 

REGION  1- DIFFICULTY  IN  REGION  2 -FLAWS  CAN  REGION  3 -CRACK  GROWTH 

DEFINING  FLAW  SIZE  (DIS-  FIRST  BE  OBSERVED  IN  CAN  BE  OBSERVED 

LOCATION    MICROCRACK,  AN  ENGINEERING  SENSE 
POROSITY,  ETC  ) 


2-I3.  General  Fatigue  Behavior 

a)  Initiation  (very  small  discontinuities), 
Region  I. 

b)  Cracks  can  be  first  observed,  Region  2. 

c)  Crack-growth  rates  can  be  measured,  Region  3. 

NOTES : 


75. 


o 

X 

I- 
o 
z 
w 

-J 

u 

< 

K 

u 

I 

III 

© 


1 

1 

T 

1 

1 

1                     1 

SINUSOIDAL  STRESS  - 

CONSTANT  AMPLITUDE 

Affj>  A<r2  >  A<T| 

A  <r, 

2.0 

A  trz 

% 

A 

O 
O 

O 
O 

O 

O 

1.8 

A<rs 

1 

O 
O 
O 

8 

1.6 

■■" 

A 
A 
A 

A 

A 

A 

A 

0 

f 

o 
o 

<9 

— 

1.4 

A 
A 

0 

0 

o 

o 

O 

1.2 

A 

0 

0 
o 

o 

__ 

A 

*             0 

O 

o 

(inch  «  254  mm 

0.   o 

1.0  aO. 

l 

! 

1 

l 

1 

1                     1 

0 

i 

2 

3 

4 

5 

6                   7 

e 

NUMBER  OF  CYCLES,  NkIO* 

Effect  of  Cyclic-Stress  Range  on  Crack  Growth 

a)  Same  specimen  geometry — specimens  subjected 
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to  various  magnitude  of  stress  fluctuation, 
Aa. 
b)  The  fatigue  life  decreased  with  increased  Act. 


NOTES : 
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2-15.  Effect  of  Initial  Crack  Length  on  Crack  Growth 

a)  Same  specimen  geometry  except  for  the  initial 
crack  size.  Specimens  subjected  to  identical 
Aa  values. 

b)  The  fatigue  life  decreases  with  increased  size 
of  the  initial  crack  length. 


NOTES 
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tr 

NOMINAL 
STRESS 


2-l6o  Schematic  illustration  of  the  Elastic-Stress-Field 
Distribution  Near  the  Tip  of  a  Fatigue  Crack  (Mode 
Deformation) 

a)  The  effect  of  applied  stress  and  crack  size 
can  be  combined  using  the  stress- intensity- 
factor  parameter  K. . 

b)  Thus,  the  effects  of  stress  fluctuation  and 
size  of  the  crack  on  the  fatigue  life  should 
be  governed  by  the  fluctuation  in  the 
stress- intensity  factor. 

NOTES :  ~ 
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STEEL    8 


I  inch  =25.4  mm 


STEEL  A 


STEEL  A 


>  I.6xl0~*  Inch 


STEEL   B 


-i£    <  1.6x10"'  Inch 


REGION  I 


REGION  H 


REGION  HI 
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STRESS-INTENSITY-FACTOR  RANGE, 
AKZ|    LOG  SCALE 

Schematic  Representation  of  Fatigue-Crack  Growth 
in  Steel 

a)  Fatigue-crack-propagation  behavior  can  be 
divided  into  three  regions. 

b)  Region  I,  threshold  behavior. 

c)  Region  II,  power-law  relationship. 

d)  Region  III,  fast  crack  growth  under  cyclic 
loading. 

e)  Large  effects  of  initial  crack  size. 

f)  Large  effects  of  Ac  because  AK  is  raised  to 
a  power  equal  to  or  greater  than  2. 


NOTES 
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Example  of  Fatigue-Crack-Propagation  Threshold 

Test  conducted  at  a  stress  ratio  of  about  +0.1. 
Fat! gue-crack-propagation  threshold  at  a  stress 


NOTES : 


a) 
b) 


ratio  of  about  +0. I  occurs  at  a  AK.  of  about 
7  ks i /inch, 
c)  The  fatigue-crack-propagation  threshold 
corresponds  to  growth  rates  that  are  below 
I0~8  inch  per  cycle. 


80. 


7.0 


< 

w 
o 


c 
o 


6  0 


-»- 


i     r 


~i     i      i     i     i — r 

AK,„e  6  4(1-0. 85ft) 

FOR  R>O.I 
AKlk<  5  5  kiL/fnch 

FOR  R<O.I 

Ik.l  /rich-  1.099  MN/rn'/2 


8 


5.0 


«»     4.0 


2     3.0 


o 
-i 
o 

X 
CO 
Ul 
K 


3 


2-19, 
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RATIO  OF   MINIMUM   STRESS  AND   MAXIMUM    STRESS  ,   f-jjj[jj<  .  R 

Dependence  of  Fatigue-Threshold  Stress- I ntensity- 
Factor  Range  on  Stress  Ratio 

a)  The  fatigue-crack-propagation  threshold,  AK,,, 
is  a  function  of  stress  ratio. 

b)  Within  experimental  scatter  the  chemical 
composition  and  mechanical  properties  of 
steels  appear  to  have  a  very  small  effect  on 
AK+h. 

c)  Conservative  estimates  of  AK,,  can  be 
predicted  for  stress  ratios  less  than  about 
0.9. 


NOTES 
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2-20.  Summary  of  Fatigue-Crack-Propagation  for  Martensitic 
Steels 

da 


NOTES 


a) 


dN 


A(AKn) 


b)  n  for  martensitic  steels  is  equal  to  about 
2.25. 

c)  Conservative  estimates  of  growth  rates  in 
Region  II  can  be  obtained  using  the  equation 

^r  =  0.66  x  I0"8  (AK,)2-25 

dN  I 
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Summary  of  Fatigue-Crack-Growth  Data  for  Ferrite- 
Pearl ite  Steels 

a)  da  =  a(AKn) 
dN 

b)  n  for  ferrite-pearl ite  steels  is  equal  to 
about  3.0. 

c)  Conservative  estimates  of  growth  rates  in 
Region  II  can  be  obtained  using  the  equation 

^L=  3.6  x  I0"10  UK.)3*0 
dN  l 


NOTES : 


83. 


z 


< 


o 

cc 
o 

• 

o 

< 

AC 

o 

I 
Ul 

o 


u. 


10  20  40         60      80   100 
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2-22.      Crack-Growth  Rate  as  a   Function  of   Stress- Intensity 
Range  for  A5I4-B  Steel 

a)  Unlike  the  behavior  in  Region  I,  the  stress 
ratio  has  a  negligible  effect  on  the  growth 
rate    in  Region    I  I . 

NOTES :  ~ 
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Effect  of  Stress  Ratio  on  the  Fatigue-Crack-Propagation 
Rate  in  a  140  ksi  Yield  Strength  Martensitic  Steel 

a)  Only  the  tension  component  of  stress  is  used 
to  calculate  AK.  for  crack  propagation  because 
compressive  stresses  do  not  generate  a  driving 
force  at  the  crack  tip. 

b)  Under  those  conditions  the  data  in  this  slide 
show  that  stress  ratio  has  a  very  small  effect 
on  growth  rate  in  Region  II. 

c)  The  suggested  conservative  equation  for 
martensitic  steels  appears  to  account  for 
these  smal I  effects. 


NOTES : 
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100 
STRESS    INTENSITY  RANGE,  AK,  ksi  v^« 

Effect  of  Stress  Ratio,   R,  on  Fatigue-Crack-Growth 
Upper  Threshold 

a)  Stress  ratio  has  a,  significant  effect  on 
acceleration    in  growth  rate   in  Region    III. 

b)  The  reason  for  this  effect   in  Region    III 
is  because  the  acceleration   is  governed  by 
the  value  of  the  maximum  stress  applied  to 
the  specimen. 


NOTES : 
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2-25.      Effect  of  Specimen  Size  on  the  Crack-Growth-Rate 
Behavior  of  A533  GR.B,   CL.I    Steel    Weld  Metal 

a)     Available  data   for  weld  metal    indicate  that 
the  fatigue-crack-propagation  rate   in  weld 
metal    is  equal    to  or    less  than    in   base  metal 

NOTES: 
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2-26.  Fatigue-Crack  Growth-Rate  Behavior  Observed  in  the 
Vicinity  of  the  Heat- Affected  Zone  of  an  ASTM  A533 
Gr.  B,  CL. I  Weldment 

a)  Available  data  for  heat-affected  zone  (HAZ) 
indicate  that  the  fatigue-crack-growth  rate 

in  HAZ  is  equal  to  or  less  than  for  base  metal, 

b)  The  fatigue  crack  does  not  propagate  in  the 
HAZ.   It  invariably  moves  out  of  the  HAZ  into 
the  base  metal  or  weld  metal.  This  behavior 
is  caused  by  residual  stresses  and  differences 
in  the  properties  of  the  base  metal  and  weld 
metal  resulting  in  a  skewed  plastic  zone. 

NOTES : 


88. 


100 


2-27.   Effect  of  Cyclic  Frequency  on  Crack  Growth  Rates  in 
Benign  Environment 

a)  Frequency  of  the  applied  cyclic  load  appears 
to  have  negligible  effect  on  fatigue-crack- 
growth  rate  in  low-strength  steels  tested 

in  a  benign  environment. 

b)  Frequency  could  have  a  very  significant 
effect  on  the  corrosion-fatigue  crack-growth 
rate  in  an  aggressive  environment. 
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STRESS-INTENSITY- FACTOR  RANGE,   AKlt  ksi   V  inch 

Fatigue-Crack-Growth  Rates  in  l2Ni-5Cr-3Mo 
Steel  Under  Various  Cyclic-Stress  Fluctuations 
with  Different  Stress-Time  Profiles 

a)  Frequency  of  the  applied  cyclic  load  appears 
to  have  negligible  effect  on  fatigue-crack- 
growth  rate  in  high-strength  steels  tested 
in  a  benign  environment. 

b)  It  can  be  concluded  that  frequency  has  a 
negligible  effect  on  da/dN  for  all  steels 
tested  in  benign  environments. 


NOTES ; 
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Schematic  Representation  of  Fatigue-Crack  Growth 
in  Steel 


NOTES : 


a) 
b) 


c) 


Region  IN  defines  the  region  where 
acceleration  in  the  rate  of  growth  occurs. 
Acceleration  in  the  rate  of  fatigue-crack 
growth  for  brittle  materials  occurs  when  the 
maximum  stress- intensity  factor  value  approaches 
the  critical  stress- intensity  factor  value, 


K, 


for  the  material . 


Acceleration  in  the  rate  of  fatigue-crack 
growth  for  ductile  materials  occurs  when  the 
maximum  stress- intensity-factor  value  satisfies 
the  equation 


K  =  0.05  /E~o~ 
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2-30.  Crack  Propagation  Laws  and  Integration 
NOTES : 


1/.. 


f  =  Constant 


N  = 
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g|[l-(Q|/af)  J 

(n/2-l)A(<r^f)n 

a§  [I  —  (Qj/Qf) J 
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2-31.  Cra^k  Propagation  Laws  and  Integration  for  f,  a 
constant  and  A.,  A,,  A.,  Af,  are  the  initial  and 
final  crack  lengths  ana  the  initial  and  final 
crack  growth  rates  respectively. 

NOTES : 


93. 


K   VALUES  FOR  BRIDGE  STEELS 
IC 
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f  /temperature, 

LOADING  RATE, 
PLATE  THICKNESS 


2-32.  K.  Values  depend  on  Temperature,  Loading  Rate, 
Thickness  (constraint) 


NOTES : 
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2-33.  Effect  of  Temperature  and  Loading  Rate  on  K. 
for  A572  Steel 

a )  s I ow 

b)  intermediate  (Ottawa  bridge  test  results 
plus  others  for  bridges) 

c)  dynamic 

NOTES : 
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2-34.  Effect  of  Temperature  and  Loading  Rate  on  K. 
for  A36  Steel 

a)  Note  metallurgical  effect  as  limiting 
temperature  is  reached 

b)  significant  improvement  in  toughness 

c)  basis  of  AASHTO  for  intermediate  loading 
rate 


NOTES : 
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2-35.  Test  Results  for  A588 


NOTES : 


a)  scatter 

b)  effect  of  loading  rate 

c)  actual  behavior  better  than  guaranteed 
minimum 
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2-36.     A44I    Test  Results   from   Lehigh 

a)  thickness 

b)  loading  rate 

c)  temperature 


NOTES : 
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2-37.  CVN  Results  A7  Steel.  (Lehigh  Data) 


NOTES: 
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2-38.  K  Data  A7  Steel  

•  Static  K  Values,  I 


"R"  Values,  o  Dynamic  K  Values, 
Estimate  from  Equation  4.5, 


x  Point  of  Maximum  Valid  K.   (Lehigh  Data). 


NOTES : 
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2-39.  CVN  Results  A242  Steel.  (Lehigh  Data) 
NOTES : 
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2-40.  K  Data  A242  Steel  —   "R"  Values,  o  Dynamic  K  Values, 
•  Static  K  Values,  H Estimate  from  Equation  4.5, 
x  Point  of  Maximum  Valid  K.  (Lehigh  Data) 

NOTES : 
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2-41.  CVN  Results  A440  Steel.  (Lehigh  Data) 


NOTES : 
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2-42.   K  Data  A440  Steel  "R"  Values,  o  Dynamic  K  Values, 

•  Static  K  Values, M  Estimate  from  Equation  4.5, 
x  Point  of  Maximum  Valid  K.  (Lehigh  Data) 

NOTES : 


04. 
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2-43.  CVN  Results  A588  Steel.  (Lehigh  Data) 


NOTES 
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2-44.   K  Data  A588  Steel  "R"  Values,  o  Dynamic  K 

Values,  %  Static  K  Values,  ■  Estimate  from  Equation 
4.5,  x  Point  of  Maximum  Valid  K.  (Lehigh  Data) 

NOTES : 


106. 
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2-45.  CVN  Results  SAEI035  Steel  (Lehigh  Data) 


NOTES : 


07. 
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2-46.  K  Data  SAEI035  Steel  "R"  Values,  o  Dynamic  K 

Values,  •  Static  K  Values,  0  Estimate  from  Equation 
4.5,  x  Point  of  Maximum  Valid  K.  (Lehigh  Data) 

NOTES : 


08. 


2-47.   Fracture  Surfaces  Showing  Effect  of  Thickness 

a)  original  2-inch  thick  plate 

b)  specimens  from  center-line  (no  metal lurgica 
effect 

c)  shear  lip  size  similar 

NOTES : 


09. 


240r 
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0.50      0.75    1.0 
THICKNESS,  in. 


2-48.  Test  Results  showing  Effect  of  Thickness 

a)  plane  stress  is  function  of  thickness 

b)  plane  strain  is  minimum  value 

c)  constraint  similar  to  thickness 


NOTES : 


I  10. 
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2-49.   Design  Significance  of  Loading  Rate 

a)  basis  of  AASHTO  toughness  requirements 

NOTES: 


III. 
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2-50.      Loading  Rate  Shift   for  A36,   A572,   A5I4 

a)  measured   by   several    investigators 

b)  depends  on   yield   strength 


NOTES : 
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2-51.   Loading  Rate  Shift  is  a  function  of  Yield  Strength 

a)  Tc  =  215-1.5  o        (o       <    140) 

S  ys   ys 

b)  Tc  =  0  (a   >  140) 

S      ys 

NOTES : 


I  13. 
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2-52.      K|c  -  CVN  Correlation 


NOTES : 


a)  static  CVN  -  static  K, 

b)  impact  CVN  -  dyanmic  K? 

c)  fatigue  cracked 

d)  A  =  5  for  regular  CVN  impact 
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2-53.     AASHTO  Specification  Based  on  CVN 

a)  Quality  Control  Test 

b)  Minimum  Value  in  impact  test 

c)  Loading  Rate  Shift 

NOTES: 


5. 
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2-54, 


Class  I  AASHTO  Toughness  Specifications 
a)  Service  Temperature  -  0°F 


NOTES : 


b) 
c) 
d) 


CVN  impact  -  1 5  ft  I b  at  +70°F 

Loading  Rate  Shift 

Intermediate  loading  rate  behavior 
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2-55.  AASHTO  -  3  zones 

a)  >  0°F 

b)  -30  to  0°F 

c)  -60  to  -30°F 

NOTES : 


I  17. 


CVN  Impact  Value,  ft  ih 

ASTM 
Designation 

Thickness  (in.) 

ZwieJ* 

Zone  2* 

Zone  3* 

A36 

15  @  70°F 

15  @  40°F 

15  @  10°F 

A572 

Up  to  4  in.  mechanically  fastened 

15@70°F 

15@40°F 

15@10°F 

Up  to  2  in.  welded 

15  @  70°F 

15@40°F 

15  @  10°F 

A440 

15  @  70°F 

IS  @  40°F 

15  @  108F 

A441 

15  @  70°F 

15@40°F 

15  @  10°F 

A242 

15  @  70°F 

15  @  40°F 

15  @  10°F 

A588" 

Up  to  4  in.  mechanically  fastened 

15  @  70°F 

15@46°F 

15  @  10°F 

Up  to  2  in.  welded 

15  @  70°F 

15@40°F 

15  @  10°F 

Over  2  in.  welded 

20  @  70°F 

20  @  40°F 

20  @  10°F 

AS14 

Up  to  4  in.  mechanically  fastened 

25@30°F 

25  @  0°F 

25  @  -30°F 

Up  to  2J  in.  welded 

25  @  30°F 

25  @  0°F 

25  @  -30°F 

Between  2  J~4  in.  welded 

35  @  30°F 

35  @  0°F 

35  @  -30°F 

"Zone  I :    minimum  service  temperature  0*F  tz.i  above. 
Zone  2:    minimum  service  temperature  from  —  I  *  to  —  30*F. 
Zone  3:    minimum  service  temperature  from  —31*  to  — ©0°F. 
**lf  the  yield  point  of  the  materia)  eaceeds  65  kni,  the  temperature  for  tfce  CVN  value  for  acceptability  snail  be  reduced  by  1S°F  for  each  increment  of  10  ksi 
above  65  ksi. 

2-56.  Table  of  AASHTO  Toughness  Requirements 

a)  Effect  of  a 

b)  Effect  of  thickness 

c)  Effect  of  stored  elastic  energy 

NOTES : 


18. 


Kc  =  CRITICAL  VALUE  OF  K, 


INCREASING  FLAW  SIZE.  2a •- 


2-57.  Overall  Fracture  Control  Plan 

a)  Materials 

b)  Design 

c)  Fabrication 

d)  Loading 

e)  Sub-critical  crack  growth  (fatigue,  stress 
corrosion) 

NOTES : 


119. 


FRACTURE  CONTROL  PLAN 


IC 


K     =  MATERIAL  PROPERTY 
IC 


a  =  DESIGN 

a  =  FABRICATION  AND  INSPECTION  ] 


2-58.   Fracture  Control  Plan 


a)  Materials 

b)  Design 

c)  Fabrication 

d)  Brittle  fracture  problems  will  not  be 

solved  merely  by  AASHTO  toughness  requirements 


NOTES : 


20. 


INFORMATION  REQUIRED  FOR  FRACTURE 
CONTROL  PLAN  FOR  BRIDGES 

1)  TOUGHNESS  VALUES  OF  BRIDGE  STEELS 

2)  FLAW  SIZES  IN  BRIDGE  MEMBERS 

3)  FATIGUE  CRACK  GROWTH  BEHAVIOR 
«  FRACTURE  TOUGHNESS  CRITERIA 

2-59.   Information  Required  for  Fracture  Control 

a)  Toughness  Values 

b)  Flaw  Szies 

c)  Fatigue  Behavior 

d)  Criteria 

e)  Service  experience 

NOTES : 


121. 


FLAW  SIZE, 
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BEHAVIOR 
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DUE  TO  MODERATE  \ 
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IV  |  IMPROVEMENT  IN  LIFE  DUE 
TO  LARGE  IMPROVEMENT 
IN  NOTCH  TOUGHNESS) 


Un<  o>) 


/« 


{IMPROVEMENT  IN 
LIFE  DUE  TO  LOWER 
STRESS  LEVEL) 


IMPROVEMENT  IN  LIFE  DUE  TO 
SMALLER  INITIAL  FLAW  SIZE)    , 


NUMBER  OF  CYCLES  OF  FATIGUE  LOADING 


2-60.   Effect  of  Fracture  Resistant  Design 

a)  Region  I  -  effect  of  lower  stress  range 

b)  Region  tl  -  effect  of  better  fabrication 
and  inspection 

c)  Region  I  I  I  -  effect  of  moderate  level  of 
notch  toughness  (AASHTO) 

d)  Region  IV  -  effect  of  even  higher  toughness, 

NOTES : 


22. 


FATIGUE   LIFE 


CRACK    INITIATION 


CRACK    PROPAGATION 


FINAL  FAILURE 


2-61.   Fracture  Control 


a)  Crack  Initiation 

b)  Subcritica l-crack  propagation 

c)  Unstable  crack  propagation 

Fracture  Control  Plan 


NOTES : 


123. 


FIGURES  -  SESSION  3 

FATIGUE  CRACK  PROPAGATION  OF  BRIDGE  STEELS  -  SPECIMENS  AND  TESTS 
BASIS  FOR  CURRENT  DESIGN  RULES 


124. 


3-1.   Fatigue  crack  that  formed  in  the  Yellow  Mi 
Bridge. 


Pond 


NOTES : 


25. 


TYPE  OF  DETAIL 
PARTIAL  LENGTH  COVER  PLATES 
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1 

3-2.  Schematic  of  simulated  prototype  connections  that 

were  tested  to  determine  the  basic  fatigue  strength, 

NOTES : 


126. 


3-3.  Fatigue  crack  that  has  grown  from  an  initial  imperfec- 
tion in  the  web-flange  fillet  weld. 

NOTES : 


127. 


3-4.  An  overview  of  a  fatigue  cracked  beam  which  shows 
fatigue  cracks  in  both  the  tension  and  compression 
f langes. 

NOTES : 


28. 


Outside  (Top)  Surface 
Inside  Surface 


...    .     ...  ,;......„ 


A  36 


A44I 


-40  KSI 


A  514 


RESIDUAL  STRESSES  IN  WELDED  BEAMS 


3-5.     Welding   residual   tensial    stresses  for  A36,   A440 
and  A5I4  steel    welded  beams. 

NOTES :  ~" 


129. 


3-6.   Small  initial  fatigue  crack  that  has  grown  from  an 
initial  porosity  or  gas  pocket.  Crack  diameter 
approximately  .08  inches. 

NOTES : 


30. 


3-7.  Growth  of  crack  from  porosity  maintaining  its  penny 
shape. 

NOTES:" 


131. 


3-8.   Penny  shaped  crack  being  maintained  until  crack  has 
penetrated  the  bottom  flange  surface. 

NOTES : 


32. 


3-9.   Final  fracture  exhibiting  very  high  rates  of 
crack  growth  near  the  edges  of  the  flange. 

NOTES : 


133. 
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3-10.  Stress  range  versus  cycle  life  plot  as  a  function 
of  three  levels  of  minimum  stress.  No  influence 
of  minimum  stress  or  stress  ratio. 

NOTES :  : 


134. 
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Stress  range  plotted  as  a  function  of  cycle  life 
for  welded  built-up  beam  as  a  function  of  the 
grade  of  steel.  Yield  point  between  36  and  100  ks 
shows  no  significance. 


NOTES 


35, 
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3-12, 


Comparison  of  results  from  the  NCHRP  Program  with 
earlier  studies  that  were  undertaken  since  1940. 
Good  correlation,  with  smaTl  simulated  specimens 
typically  falling  near  the  upper  bound. 


NOTES : 


136. 


0 


3-13.  Fatigue  crack  formation  at  the  termination  of  the 
weld  toe  of  a  longitudinal  weld  attaching  a  cover 
plate  to  a  beam  flange. 

NOTES : 


137. 


3-14.   Fatigue  fracture  surface  showing  growth  of  crack  from 
weld  termination  as  a  semi-el iptica I  crack  until  it 
has  penetrated  the  flange  thickness. 

NOTES : 


38. 


3-15.  The  formation  of  a  fatigue  crack  at  the  end  of  a 
cover  plate  with  transverse  end  welds. 

NOTES : 


139. 


3-16.  Fatigue  fracture  surface  of  transverse  end  welded 
cover  plate  showing  semi-el iptical  surface  crack. 
Growth  can  be  observed  all  along  weld  toe. 

NOTES : 


40. 
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3-17. 


The  test  data  for  A36  steel  cover-plated  beams 
plotted  with  stress  range  as  a  function  of 
cycle  life.  Several  levels  of  minimum  stress 
show  no  effect  on  the  fatigue  strength. 


NOTES : 


141. 
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CYCLES  TO  FAILURE  (I06) 


The  test  results  for  three  grades  of  ferrite 
pearl ite  steel  ranging  in  point  from  36  to  100  ksi 
are  compared  with  stress  range  as  a  function  of 
cycle  life.  Type  of  steel  does  not  influence 
fatigue  strength. 


NOTES 


142. 


3-19.   A  multiple  cover-plated  beam  where  fatigue  crack 
growth  has  penetrated  the  primary  cover  plate  and 
entered  into  the  beam  flange  via  the  continuous 
longitudinal  weld. 

NOTES : 


143. 


STRESS 
RANGE 
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COVER-PLATE  GEOMETRY 
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3-20. 


The  stress  range  cycle  life  results  for  various 
types  of  welded  cover-plated  details.   Large  varia- 
tions in  cover  plate  geometry  have  only  a  negligible 
influence  on  the  basic  fatigue  strength. 


NOTES 


144. 
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3-2 


NOTES 


The  stress  range  cycle  like  relationships  for  the 
welded  and  cover-plated  beams  are  compared.  Much 
higher  fatigue  resistance  exists  when  cracks  form 
from  internal  discontinuities  as  opposed  to  those 
that  grow  from  the  high  stress  concentration  region 
at  a  weld  termination.  These  details  bound  the 
fatigue  strength  of  welded  built-up  beams. 


145. 


3-22.  Test  specimen  used  to  examine  the  influence  of 

stiffeners  attached  to  the  web  or  flange.  These 
beams  were  fabricated  38  inches  deep  with  half- 
inch  flanges  and  3/16  inch  webs. 

NOTES : 


146. 
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3-23.   Smaller  scale  beams  were  also  tested  with  a  variety 
of  welded  attachments. 

NOTES : 


147. 


3-24.  Crack  growth  occurred  at  the  termination  of  the  weld 
toe  at  the  end  of  a  transverse  stiffener  welded 
to  the  web  alone. 


NOTES 


48. 


3-25.   Fracture  surface  shows  that  crack  penetrated  through 
the  web  plate  thickness  at  the  weld  toe  as  a  semi- 
el  iptical  surface  crack. 

NOTES : 


49. 


3-26.  After  the  crack  penetrated  the  beam  web,  it 

eventually  destroyed  most  of  the  web  and  flange. 

NOTES:  ~~ 


150. 


k* . 


3-27.   Stiffeners  welded  to  flange  experience  crack  growth 
from  weld  toe  perpendicular  to  the  stress  field. 

NOTES: 


151. 


3-28.  Crack  observed  to  initiate  at  a  number  of  points 

along  the  weld  toe  and  grew  as  small  semi-el iptica I 
surface  cracks. 


52. 


3-29.   Continued  growth  caused  crack  coalescense 


NOTES : 


153. 
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3-30, 


Stress  range  due  to  bending  along  and  principal 
stress,  are  compared  as  a  function  of  cycle  life 
for  stiffeners  attached  to  the  web  alone.   Under 
normal  combinations  of  bending  and  shear,  bending 
alone  describes  fatigue  strength. 


NOTES: 


54. 
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3-31.   Stress  range  is  plotted  as  a  function  of  cycle 
life  for  stiffeners  attached  to  web  and  flange, 
Fatigue  strength  is  close  to  the  upper  bound 
provided  by  plane  welded  beams. 

NOTES : 


55. 
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PHASES  OF  CRACK  GROWTH  AT  STIFFENER  TYPE 


3-32.   Schematic  of  phases  of  crack  growth  for  a  stiffener 
attached  to  the  web  alone.   Eighty  percent  of  life 
is  exhausted  propagating  the  crack  through  the  web. 

NOTES : 


156. 
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3-33.  Schematic  showing  crack  propagation  into  the  web 

and  flange  for  stiffeners  welded  to  web  and  flange. 

NOTES : 


157. 
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3-34. 


NOTES : 


The  stress  range-cycle  life  relationship  is 
compared  for  various  types  of  stiffeners.  Demon- 
strates no  difference  in  the  fatigue  strength. 


58. 


3-35.  A  crack  growing  from  the  weld  toe  of  an  eight-inch 
long  attachment. 

NOTES : 


159. 


3-36.  The  crack  surface  showing  cracks  propagating 

from  the  longitudinal  weld  toe  at  the  flange  edge 
and  at  the  interior  surface. 

NOTES : 


60. 


40 


20 


10 


STRESS 
RANGE 

KSI  5 


Welded  Girder 


Cover  Plated 


Minimum  Stress 

•  -6  ksi 

•  2  ksi 

•  10  ksi 


L  =  4" 


0.5        1.0  5 

CYCLES    TO  FAILURE  ,  10s 


10 


3-37.  Stress  range-cycle  life  relationship  for  beams 

with  four- inch  attachments.  The  test  data  falls 
between  the  upper  and  lower  bound  provided  by  the 
plane  welded  and  cover-plated  beams. 

NOTES : 


161. 
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3-38.  The  stress  range-cycle  life  relationships  of  welded 
details  provide  a  series  of  parallel  curves.  The 
stress  concentration  effect  causes  a  decrease  in 
fatigue  strength. 

NOTES : 


162. 


CATEGORY 

STRESS  RANGE  (ksi) 

100,000 
Cycles 

500,000 
Cycles 

2,000,000 
Cycles 

Over 

2,000,000 

Cycles 

A 

60 

36 

24 

24 

B 

45 

27.5 

18 

16 

C 

32 

19 

13 

ICD 

D 

27 

16 

10 

7 

E 

21 

12.5 

8 

5 

F 

15 

12 

9 

8 

3-39.  Table  of  stress  ranges  corresponding  to  discrete 
numbers  of  stress  cycles  -  100,000,  500,000, 
2,000,000  and  more  than  2,000,000  for  categories 
A  &  B. 

NOTES : 


63. 


V 


Number  of  Cycles 


±* 


j \  m  ^ 


3-40. 


NOTES : 


Fatigue  fracture  surface  showing  penny  shaped 

crack  in  a  plane  welded  beam.  The  stress  intensity 

factor  for  the  penny  shaped  crack  ...   _  2  *=— 
r        J  "  AK  =  Sr=vila 


64. 
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3-41.  Plot  of  the  measured  initial  discontinuities, 
observed  in  welded  beams  and  K  value  estimated 
for  the  equivalent  penny  shaped  crack. 

NOTES:  ' 


165. 
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3-42.  Plot  of  the  crack  growth  rate  measured  during 
test  of  plane  welded  beam. 

NOTES : 


166. 
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3-43.  Predicted  AK-crack  growth  relationship  using  penny 
shaped  crack  model.  Most  fatigue  life  occurs 
below  IO"6  inches  per  cycle  in  a  beam. 

NOTES : 


167. 


50H 


1.0  10 

CYCLES  TO  FAILURE  (10*) 


3-44.  Predicted  crack  growth  threshold  for  cover-plated 
beams  with  AHL.,,  =  3  ksi/fn" 


NOTES 


168. 


Jh 


20  20 


2020      9  Kips 


Sparv  50  feet 
Speed :  36mph 


0 

i^551* 
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cc 
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3-45.      Stress-time   response  for  a  typical    bridge  member. 
NOTES : 


69, 


MINER'S      HYPOTHESIS 


Nv     lu 


3-46.      Miner's  Rule  E  n/N 
NOTES : 


70. 


•  Positive  Peaks 

•  Crossing  of  Mean  With 
Positive  Slope 

3-47.  Random  variable  stress  spectrum. 
NOTES : 


—TIME 


171. 
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3-48.      Raliegh  probability  density  curve  describing 
variable  stress  spectrum. 

NOTES : 


172. 
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3-49.   Ratio  of  S  ,/S   varied  from  0  to  1.0.  0 
,rd,  rm   .   .    .    , 
corresponds  to  constant  cycle  stresses. 

An  increase  in  the  ratio  increases  the  difference 

between  the  minimum  and  maximum  stress  ranges  in 

the  spectrum. 

NOTES : 


173. 


r  LOWER  CONFIDENCE   LIMIT      - 
(CATEGORY  E) 

MEAN   REGRESSION  LINE 


10?  I07 

CYCLES  TO  FAILURE 


3-50.  The  results  of  variable  and  constant  amplitude 
tests  of  cover  plated  beams.   Effective  stress 
range  (S  RM„)  provides  good  correlation  with 
constant  cycle  data. 

NOTES : 


174. 
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LOWER  CONFIDENCE  LIMIT     - 
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3-51.  A  comparable  result  was  also  obtained  using  Miner's 
Law  to  derive  an  equivalent  stress  range.  Both 
Miner's  Law  and  RMS  were  found  to  provide  a 
satisfactory  link  between  variable  stress  cycles 
and  constant  cycle  fatigue  data. 

NOTES : 


175. 


NOTES : 
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3-52.      Design 
r         D 


Actua I  Stresses 
SRi  +  NA 


176. 


20 
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GROSS    VEHKXE  WEIGHT,  kips 
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3-53.   1970  FHWA  nationwide  gross  vehicle  weight  distribution, 
NOTES : 


177. 


FREQUENCY 
80h 


On  Primary  Plate , 
Off  Secondary 

On  Flange ,  Off  Primary 
Plate 


1~ 


4.2      4.8      5.4 


3-54. 


Typical  stress  range  distribution  determined 
from  measured  stresses  on  a  bridge  showing  the  same 
general  shape  and  trend  as  the  gross  vehicle  weight 
distribution. 


NOTES 


178. 


BRIDGE 

MAX.  Sr 
(KSI) 

SPAN 
(FT.) 

S?(S/5.5) 
(KSI) 

S?(S/7) 
(KSI) 

MICH.  1 

6.3 

95 

9.5 

7.45 

MICH.  2 

5.1 

79.5 

6.3 

4.95 

MICH.  3 

5.6 

66 

6.84 

5.37 

MICH.  5 

4.2 

72 

6.14 

4.82 

MICH.  6 

3.9 

58.7 

7.1 

5.58 

MICH.  7 

5.1 

78.5 

6.2 

4.86 

MICH.  8 

6.9 

128.7 

8.2 

6.45 

VIR.    1 

3.5 

74.5 

7.74 

6.08 

MARY.  1         5.1        42-52-12  6.2  1.87 

CONN.  1     3.5-5.7         113.5  6.5  5.17 


3-55.  Tabular  summary  showing  the  maximum  design  stress 
range  and  its  relationship  to  maximum  measured 
stress  for  several  bridges. 

NOTES : 


179. 


FREQUENCY 


% 


1.0  L2 

S?=jSGVWD 


3-56. 


STRESS  RANGE  RATIO    Sr/S? 


Schematic  showing  that  the  stresses  predicted  from 
the  gross  vehicle  weight  distribution  exceed 
measured  stresses  due  to  variation  in  impact, 
load  distribution  and  design  idealization. 


NOTES : 


180. 


Zn/N    =    1 


«3(/JGVWD)3    (ADTTXDl)!/!^5    =    1 


A 


OR 


«3  x  ADTT  x  DL  x  0.35    =  ND 


3-57.  Miner's  Rule  used  to  derive  AASHTO  design  stress 
table.  NQ  =  ADTTxD  xo3/2.85. 

NOTES : 


181. 


MAIN  (longitudinal)  LOAD  CARRYING  MEMBERS 


TYPE  OF 
ROAD 

CASE 

ADTT* 

TRUCK 
LOADING 

LANE 
LOADING4 

Freeways, 
Expressways, 
Major  Highways 
and  Streets 

I** 

2500  or  more 

over 
2,000,000 

500,000 

n 

less  than  2500 

500,000 

100,000 

Other  Highways 
and  Streets 
net  Included 
in  Case  lorn 

m 

100,000 

100,000 

3-58.  Tabulation  provided  for  longitudinal  members  showing 
roadway  classification  truck  volume,  and  required 
equivalent  design  stress  cycles. 

NOTES :  — 


82. 


FIGURES  -  SESSION  4 

FRACTURE  BEHAVIOR  OF  BRIDGE  STEELS  -  SPECIMENS  AND  TESTS  - 
BASIS  FOR  CURRENT  DESIGN  RULES 


83. 


:  FRACTURE 


4-1.   Fracture  behavior  can  be  dramatically  changed  by 
just  changing  the  crack  size  in  a  specimen.  This 
behavior  can  be 

a)  I inear 

b)  slightly  non-linear 

c)  highly  non-1 i near 

NOTES : 


184. 


a: 
a. 
< 

< 
a: 


>- 

q: 
lu 

-z. 

LU 


TEMP. 

4-2.  Typical  impact  specimen  behavior  as  a  function  of 
temperature. 

NOTES : 


85, 


MH_ 


cmi&ttujx> 


DWTT 


356x69x25 


305  x  76  x  t 


DT 


P 


178x41x16 


f^CVN 


55x  10x10 


4-3.      Relative  size  of  the  NDT,    DWTT,    DT  and  CVN 
specimens.      All    dimensions    in  millimeters. 

NOTES : 


86. 


w 


Units 

Specimen  Type 

Dimension 

P-l 

P-2 

P-3 

Dimension    Tolerance 

Dimension    Tolerance 

Dimension 

Tolerance 

T,  Thickness 
L,  Length 
W,  Width 

in. 

mm 

in. 

mm 

in. 

mm 

1.0            ±0.12 
25              ±2.5 
14.0           ±0.5 
360             ±10 
3.5             ±0.1 
90              ±2.0 

0.75           ±0.04 
19              ±1.0 
5.0             ±0.5 
130             ±10 
2.0             ±0.04 
50              ±1.0 

0.62 

16 

5.0 

130 

2.0 

50 

±0.02 

±0.5 

±0.5 

±10 

±0.04 

±1.0 

4-4.      Specimen  dimensions  for 

the  NDT  test. 

NOTES : 


I 


187. 


T" 

B 

1 


t 


T 

H 

1. 
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1 

1 

T 

T 

E 
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R 
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■T 
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C 
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Anvil  Dimension 


Units 


Specimen  Type 


Tolerance 


P-l 


P-2 


P-3 


S,  Span 

in. 

12.0 

4.0 

4.0 

±0.05 

mm 

305 

100 

100 

±1.5 

/>,  Deflection  stop 

in. 

0.30 

0.060 

0.075 

±0.002 

mm 

7.60 

1.50 

1.90 

±0.05 

A,  Anvil  length 

B,  Anvil  width 

C,  Anvil  thickness 

in. 

1.3  min 

1.5  min 

1.5  min 

mm 

38  min 

38  min 

38  min 

£,  Support  length 

in. 

3.S  min 

2.0  min 

2.0  min 

mm 

90  min 

50  min 

50  min 

F,  Support  width 
C,  Support  height 

in. 

2.0 

2.0 

2.0 

±1 

mm 

SO 

so 

SO 

±25 

R,  Support  radius 

in. 

0.075 

0.075 

0.075 

±0.025 

mm 

1.0 

1.0 

1.0 

±0.1 

H,  Stop  width 

in. 

3.5  min 

2.0  min 

2.0  min 

±2 

mm 

90  min 

50  min 

50  min 

±50 

/,  Weld  clearance 

in. 

0.9 

0.9 

0.9 

±0.1 

mm 

22 

22 

22 

±3 

J,  Weld  clearance  depth 

in. 

0.4  min 

0.4  min 

0.4  min 

mm 

10  min 

10  min 

10  min 

4-5.      Typical    test   fixture   for  NDT  tests, 


NOTES : 


:88. 


__J       L —  I/it.  Jim  maj<  f  i  5mn\ 

1 


0.07-0.08  IN  (1.8-2  0  MM) 


4-6.  Typical  notch  detail  for  NDT  test, 


NOTES : 


89, 


Da 

J=F=L 


SET-UP 

4 


A 


WELD 
CRACKS 


YIELD  POINT  LOADING  IN  PRESENCE  OF  SMALL 
CRACK   IS  TERMINATED   BY  CONTACT  WITH   STOP 


4-7.   View  of  NDT  specimen  being  deflected  to  yield 

point  strain.  The  engineering  yield  point  is  a 
strain  derived  quantity.  Strain  and  deflection  are 
directly  related  in  the  test  procedure. 

NOTES : 


190. 


CRANE 


PHOTOCELL 

SHOCK 
ABSORBING 
SUPPORTS 


4-8.  View  of  typical  drop  weight  machine, 


NOTES: 


191. 


-  Full  Plate  Thickness 


Notch 

Depth 
O20"«of 


Width 
300"  ±  i 


Length    12.00'  tj 


I Notch  angle  45*  ♦  2* 


Section  ,  . 

A-A  Radius  =  j-  ±i 


o&   5.±1II. 


"ZTY 


-Pressed  notch  radius 
-A    00l'±«g| 


Span  10.00"  ±  £ 


4-9.      DWTT  test  specimen  and   fixtures. 


NOTES 


92. 
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4-10.      Procedure   for  determining  shear  area. 


NOTES: 


93. 
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4-11.      Procedure  for  determining  shear  area. 


NOTES : 


94. 


Notch, 

depth  I 


V&i 


"X" 


JL 


This  length  of  frocturc  used  to 
determine  pC'  cent  sheor 

Fracture  Surface  Included  in  Shear-Area 
Determination. 


H 


In.  roting  include  only  the 

shear  on  the  edges  of  the  spec-men 


vnffiifiirnTrrr 


e  denotes  the  cleavage  appearing  regies 

Alternative  Shear-Cleavage  Fracture 
Appearance. 

4-12.   Procedure  for  determining  shear  area. 


NOTES : 


95. 


RADIUS 
O.5OO*±O.03f- 
12.7  +  0.8  mm 


-STRIKER  TUP 


—ANVIL 


1 65.0  ±0.8  mm 
Dimensions  and  Tolerance  for  Specimen  Blank 


Parameter 


Units       Dimension     Tolerance 


Length.  L 

in. 

7.125 

±0.125 

mm 

181.0 

±3.2 

Width.  W 

in. 

160 

±0.10 

mm 

38.0 

±2.5 

Thickness,  B 

in. 

0.625 

±0.033 

mm 

15.8 

±0.8 

Angularity,  a 

deg 

90 

±2 

4-13.      DT  specimen  and   fixturing, 


NOTES 


96. 


MACHINING  DIMENSIONS 


PRESSED  TIP  DETAILS 


(W-a) 
1  ~/"< 


Dimensions  and  Tolerances  for  Notch  Tip 


Parameter 


Units 


Dimension 


Tolerance 


Net  width.  (W-a) 

Machined  notch  width,  Nm 

Machined  notch  root  angle,  Na 
Machined  notch  root  radius,  N, 

Pressed  tip  depth,  tD 

Pressed  tip  angle.  t0 
Pressed  tip  root  radius,  tr 


in. 

1.125 

±0.020 

mm 

28.5 

±0.5 

in. 

0.0625 

±0.005 

mm 

1.60 

±0.12 

deg 

60 

±2 

in. 

0.005 

max 

mm 

0.13 

max 

in. 

0.009 

±0.002 

mm 

0.20 

±0.05 

deg 

40 

±5 

in. 

0.00 1 

max 

mm 

0.025 

max 

4-14.   DT  specimen  machining  and  notch  details, 


NOTES : 


197. 


I  '4     min. 
(44  mm) 


AL 


5PEC 


AL 


HAMMER 

^ARRESTOR 
STRIKER 


ALUMINUM 

ARREST 

BLOCK 


ARRESTOR 


ANVIL 


4-15.  DT  energy  absorbing  system. 


NOTES : 


198. 


LOADING   TUP 


DRILL  ROD 
CUSHION 


AL.  CUSHION 


SPECIMEN 


SUPPORT 
ANVIL 


4-16.  Lehigh  DT  energy  absorbing  system 
NOTES : 


199. 


L/2 


5  5  mm. 
'(2.165  ") 

L 


,    tOmm.. 
{0.394 ') 


,    B  mm, 
(0.315') 


TYPC  A 

L 


r-  UZ 


55  mm. 
(2.165")' 

L 


(oJSBPF 


_  /Omm. 
*~(0.394') 

Smm. 
(Q.I9?») 
i 


1mm.  I       I 


0.21mm. 
AO.OIO")  rod. 

U 

_  j..  2mm. 

JL 


7KP£  fl 

i 


L/2 


JL 


— =r 

55mm. 
(2(65  ) 

L 


.   10mm. 
(0394 

r 


/Omm. 
'(0.394 ') 

,  Smm. 

(0/rri 


^.S AW  CUT 
L6mm.  (j£) 


'i')  OR  LESS 


iF     JU 


TYPCC 


L/Omm.     _J  \_2mm. 
H0.394")  *~(0.079") 


Note— Permissible  variations  shall  be  as  follows: 


Adjacent  sides  shall  be  at 
Cross-section  dimensions 
Length  of  specimen  (L) 
Centering  of  notch  {L/2) 


Angle  of  notch 

Radius  of  notch 

Dimensions  to  bottom  of  notch: 
Type  A  specimen 
Types  B  and  C  specimen 

Finish  requirements 


90  deg  ±  10  min 

±0.001  in.  (±0.025  mm) 

+0,  -0.100  in.  (2.5  mm) 

±0.039  in.  (I  mm):  When  an  end-centering  device  is  necessary  to  center  the  specimen 

in  the  anvil,  see  8.3,  it  is  necessary  that  the  notch  be  accurately  centered  to  ensure 

compliance  with  4.2.1. 
±1  deg 
±0.001  in.  (0.023  mm) 

0.315  ±  0.001  in.  (8  ±  0.025  mm) 
0.197  ±  0.002  in.  (5  ±  0.05  mm) 

63  »«in.  (2  »»m)  on  notched  surface  and  opposite  face;  125  iiin.  (4  ^m)  on  other  two 
surfaces 


4-17.  CVN  specimens 


NOTES : 


200. 


.8-mm  rod  (0.315') 


STRIKING    EDGE 


ra 


Hum  rddy 
(0.039") 


30ot2° 


0.25-mm  rod(O.OIO") 


\ \ Ko?J 

Center  of  K 

Strike  K^-  ANVIL 

-40mm(l574'V*  T 


777, 

SPECIMEN    / 

w    , 


yr.. 


ANVIL 


90°t9' 
(2.5:1000) 


s 


Center  of 

Strike 

(W/2) 


^Specimen 
Support 


4-18.     CVN  test  setup 
NOTES : 


201. 


ANVIL 

SPECIMEN- 
SPACER — 


5$ 


C-TYPE  PENDULUM 


Unmodified 
(will  jam) 


IOULUM        f 

1    Modified  T 
{jommlng  minimized) 


TAPER  EXTENOS 
TO  A  POINT 


ANVIL 


tErnfe 


U-TYPE   PENOULUM 


Unmodified 
(will  jam) 


SHROUO 


"Direction  of 
Pendulum  Swing 
Modified 
(jamming  minimized) 


4-19.      CVN  test  setup 


NOTES ; 


202. 


—  M 


Wm  fca  mA  wL 


1     10     20     30     40    50    60    70     80    90    99 


BQQQQQHHB 

10  20  30  40  50  60  70  60  90 


Sheor    Area 
(dull) 


4  — 

Null  I  Measure  aicr^c  dimcn.u.n-  -I  jnd  8  111  Ihc 
nejrcvt  002  in   or  0  5  mm 

Ntm  ?  Determine  Ihc  percent  shejr  fracture  uvine 
Tahle  -1  ..r  Table  5 


4-20.      Typical    rules   for  determining  CVN  fracture  appearance, 
NOTES : 


203. 


:  FRACTURE 


A 


4-21.   Fracture  behavior  can  be  dramatically  changed  by 
just  changing  the  crack  size  in  a  specimen.  This 
behavior  can  be 

a)  I i  near 

b)  slightly  non- linear 

c)  highly  non-1 inear 

NOTES : 


204. 


fp 


2W 


2W 


h2°H 


K»Y 


Po" 
BW 


^«H 


Y»  l.77(l-0.l(2a/W)*(2a/W)  ) 


FIGURE     la 


Y«l.99-0.4l(a/W)*  I8.70(a/W) 
-38.48(o/W)3+53.85(a/W}4 

FIGURE     lb 


4-22.  Typical  fracture  mechanics  specimens. 


NOTES : 


205. 


THICKNESS 


TEST    SPEED 


TEMPERATURE 


4-23.  Toughness  depends  on 

a)  material  thickness 

b)  testing  speed 

c)  test  temperature 

NOTES : 


206. 


4-24.  Typical  E399  3  point  K.  specimens 


NOTES: 


207. 


18  THDS/IN 


O  007'  RADIUS 


O  007     RADIUS 


SPEC 

B 

w 

C 

A 

E 

H 

G 

0 

R 

F 

IT-A 

1.000 

2.550 

3.200 

1.783 

0.767 

2.480 

1.240 

0.094 

0.350 

1.000 

IT-B 

1.000 

2.550 

3.200 

1.783 

0.767 

2.480 

1.240 

0.094 

0.250 

0.650 

4-25.  Typical  E399  compact  tension  specimen  for  K. 
determination.  ,c 

NOTES :  — 


208. 


FOIL  RESISTANCE 
STRAIN  GAGE* 


*5O0  OHM  GAGES  WILL 
PROVIDE  GREATER 
SENSITIVITY  THAN 
120  OHM  GAGES 


4-26.  Clip  gage  for  measuring  crack  opening. 


NOTES 


209. 


tit! 


FRACTURE  PROCESS 
(PLASTIC)  ZONE  SIZE 


4-27.  Plastic  zone  development  in  a  fracture  specimen, 
NOTES : 


210. 


PLANE  STRESS 
MOOEl- 


FATKkJE  CRACK 
PLASTIC  ZONE 


,  (PLANE  STRESS) 


SPECIMEN  CROSS-SECTION 


4-28.  Plastic  zone  development  in  a  fracture  specimen, 


NOTES: 


211. 


240r 


•■    PLANE  STRAN 


THICKNESS  AT  THE  BEGINNNG 
OF  PLANE  STRAIN  IS" 


0.20      0.30        050      0.75    1.0 
THICKNESS,  in. 


2.0        3.0  5.0 


4-29.  Effect  of  thickness  of  K 


Ic 


NOTES : 


212. 


(o3>oJ>o1) 


4-30.  Compliance  measurements 

a)  as  crack  gets  large  spring  is  weaker 

b)  as  plasticity  occurs  the  effective  modulus 
is  reduced 

NOTES : 


213. 


*(pl»ne  strain) 


67E\0-y,/ 

specimen  thickness  _   jB  =    2.5(ffIe/o,J,1)2    ^  2  5(6;r)  —  47 
plastic-zone  size      '  ry      (l/67r)(#ic/«7y,)2 


4-31.      Specimen  size  requirements 
NOTES : 


214. 


BEND  SPECIMEN  EDGE  OR  COMPACT 
p~SPECIMEN  LOADING  HOLE  CENTERLINE 

i REQUIRED.  ENVELOPE 

$N=$  Max  36°T"^>, 

r-f-    o""-1'  ■! 

0=0.45  ,0055W  FATI6UE  CRACK 

EXAMPLES  /NOTE  1 

I      CHEVRON  (SEE  FIG.3-5)      \*- 


STRAIGHT  THRU 


_£> 


KEYHOLE 


V 


— - ) 


NOTE  1  -FATIGUE  CRACK  SHALL  BE  NOT  LESS 
THAN  005  o,  NOR  LESS  THAN  0.05  in  (1  3mm). 


NOTE  1-A  =  B  TO  WITHIN  0010  W 
NOTE  2 -CUTTER  TIP  ANGLE  90  deg  MAX 
NOTE  3-RADIUS  AT  NOTCH  BOTTOM  SHALL  BE 
0.010  in.  (0  25  mm)  OR  LESS 

NOTE  4- EACH  OF  THE  TWO  PARALLEL  NOTCH 
SURFACES  MUST  LIE  IN  ONE  PLANE  TO  WITHIN 
0  005  W  AND  MUST  BE  PERPENDICULAR  OR 
PARALLEL  AS  APPLICABLE  TO  THE  SPECIMEN 
FACES  TO  WITHIN  0005  W 


4-32.      E399  Chevron   notches 


NOTES 


215. 


A^jj       ddia;2oo5 


SECTION  AA 


NOTCH  ROOT 
RADIUS  OOK)"  MAX- 


0.090, 
0.060 


A\ 


cj^yr 


04" 


0.4" 


NOTCH 
ENLARGED  VIEW 


4-33.   E399  CTS  specimens, 


NOTES : 


PROPORTIONS 

o  -  NOMINAL  CRACK  LENGTH, 
INCLUDING  FATIGUE  CRACK 

W  ~2o 

W,  -2.5o 

S  -  O.lo 

H  -  1  2a 

D  -0.5o 

F  -2E-  I  la 

B  -  THICKNESS 


216. 


32> 


CRACK  STARTER 
ENVELOPE  (SEE  FIG  3-12) 


a  =  L 


2W+O.IWMIN 


2W  +  0  IWMIN 


^ 


NOTE  1- DIMENSIONS  AND  TOLERANCES  ARE  IN  INCHES  UNLESS  OTHERWISE    INDICATED 
NOTE  2-  "A"  SURFACES  ARE  TO  BE   PERPENDICULAR  TO  CENTER  LINE  OF  CRACK- 
STARTER  ENVELOPE    WITHIN   ±0005- in    TIR. 

NOTE  3-  INTEGRAL  OR  ATTACHABLE    EDGES    FOR  CLIP  GAGE    ATTACHMENT  MAY  BE 
USED  (SEE   FIG.  3-16) 


4-34.   E399  3  point  bend  specimens. 


NOTES: 


217. 


r((MIN) 


NO.  OF  CYCLES 
OF  LOADING 


FRACTURE 
TEST 


4-35.  Fatigue  precracking  of  K.  specimens, 


NOTES : 


218. 


w 


(BEND  SPECIMEN) 


-H 


TIP  OF  FATIGUE^ 
CRACK 


0  SURFACE 


03 


MACHINED 
NOTCH 


MACHINED  CHEVRON 


0  SURFACE 


4-36.      Fatigue  precrack  requirement 


NOTES 


219. 


L 


B=W/2 
a=W/2 


IP/2      \      'P/2 


4-37.   3  point  bend  specimen  setup  for  testing 


NOTES : 


220. 


LOAO, 

P 


TYPE  m 


DISPLACEMENT,  v 


4-38.  Typical  load  records  from  a  K  test. 
NOTES : 


221. 


4-39.  5%   secant  offset. 


NOTES : 


222. 


5^i  >  |  10  (IN  THIS  REC0R0) 


4-40.  P-A  record  for  a  tough  material. 


NOTES 


223. 


■''■■'  Mmtw.'m&it^i'mM' 

1 

a 

:    fr   '■■"'■ 

. 

|f. 

'    -**-' 

■  v  •*■*     : ' 

m 

-***m*». 

l    # 

4-41.   View  of  3  point  K.   test  in  progress, 


NOTES 


224. 


4-42.   View  of  3  point  K.  test  speci 


men 


NOTES 


225. 


B- PLATE 
THICKNESS 

c< 

T 
1" 
2" 

45° 
45° 
29° 

SECTION    A-A 


J/ 

10 


90    CHEVRON 
NOTCH 


DETAIL    B 

4-43.   Details  of  Lehigh  3  point  bend  specimen, 


NOTES : 


226. 


CRANE 


I2W85 
COLUMN 


RELEASE 
MECHANISM 


SHUTTER 


4-44.   Schematic  of  Lehigh  Drop  test  machine. 


NOTES : 


227. 


-^- 


LOAD 

DYNAMOMETER 
(TUP) 


1/2   ROUND 
CUSHION  (STEEL)- 


,rv 


4-45.  3  point  bend  specimen  and  loading  tup. 


NOTES : 


228. 


2"  DIA 


2-500  a 
"STRAIN   — 
GAGES 


< 


IT 


l«  RAD 


x&k*. 


COMPRESSION 


TO 
OSCILLOSCOPE 


4-46.   Loading  tup. 


NOTES : 


229. 


LOADING   TUP 


.  AL.  CUSHION 


SPECIMEN 


4-47.   Lehigh  dynamic  K.  measurement  system, 


NOTES 


230. 


150 


L  (mm) 


4-48.   Load  versus  indentation  length  for  drill  rod  cushions, 
NOTES : 


231. 


200 


>- 
o 

CE 
LlJ 

z 

Id 


150  - 


100 


4-49.   Energy  versus  block  compression  for  aluminum  blocks 
NOTES : 


232, 


4-50.   Energy  versus  indentation  length  for  dri ! 
cushions. 


rod 


NOTES 


233. 


STATIC  DYNAMIC 


TEMPERATURE  — » 
la.)       LOADING  RATE   EFFECTS 


t,  *2       t: 


TEMPERATURE 


lb.)     THICKNESS    EFFECTS 


4-51.  Effects  of  Temperature,  Loading  Rate  and  Thickness 

on  K  . 
c 

NOTES : 


234. 


K, 


CVN 


TEMPERATURE 


4-52.  Schematic  Representation  of  Correspondence  of 
Temperature  Trans i  rion  Regions  of  K  and  CVN 
Curves. 

NOTES : 


235. 


-200     -150 


TEMPERATURE 
-100      -50  0 


50  100 


140 


120  - 


100 


CVN 
(ft.- lb.) 


80 


60 


40 


20 


12.7  mm 


-300 


-200       -100  0 

TEMPERATURE 


180 
160 
140 


4-53.   Lehigh  CVN  Results  A7  Steel. 


NOTES 


236. 


TEMPERATURE       UC 


Kc_ 
(ksiVin.) 


-50          -25 

0 

25 

120 

1                 1 
12.7mm 

1 

/    1 

80 

— 

A  O 

y/6 

— 

JT.) 

40 

-2>_ 

>— -SCO 

m 

i 

■     

0 

. 

1         1 

1 

-100     -50       0 

TEMPERATURE 


50 


—  120 


—  80 


K, 


^    (MN/mm3/2) 
40 


100 


4-54. 


NOTES : 


Lehigh  K  Data  A7  Steel  —    "R"  Values,  o  Dynamic 
K  Values,  •  Static  K  Values,  9  Estimate  from  Equation 
4.5,  x  Point  of  Maximum  Valid  K. 


237. 


TEMPERATURE 

°C 

200 

-I5C 

- 

100       -50           0 

50 

100 

140 

1 

1 

I              1              1 

1 

I 

12.7 

mm 

180 

120 

25.4 

mm 

160 

— 

— 

50.E 

mm 

100 

140 

CVN 

(,,-|b-)   .„ 
80 

- 

/    / 

// 

120       CVN 
(Joules) 
100 

60 

- 

// 

80 

40 

- 

60 
40 

20 

- 

// 

/ 

20 

0 

1 

1 

A--< 

1 

1 

0 

-300 

•200 

-100           0 

100 

200 

TEMPERATURE 

«F 

4-55.   Lehigh  CVN  Results  A242  Steel 


NOTES : 


238. 


TEMPERATURE    UC 
■100  -50  0 


0 
120 


(ksi^Tn.) 

40 


0 
120 


80- 


(MN/rnm3'2) 


-40 


1        1 

1 

1 

1 

- 

50.4mm 

°     _S- 

s-m 

■ 

■ 
i 

o 

1 

40 
0 


-100  0 

TEMPERATURE      c 


100 


4-56.   Lehigh  K  Data  A242  Steel  —   "R"  Values,  o  Dynamic 
K  Values,  •  Static  K  Values,  0  Estimate  from 
Equation  4.5,  x  Point  of  Maximum  Valid  K. 

NOTES : 


239. 


-200     -50 


TEMPERATURE         C 
-100      -50  0         50 


120 


CVN 
(ft.-lb.) 


40 


12.7  mm 
25.4mm 
50.8mm 


180 
160 

140 

120      CVN 
(Joules) 

100 
80 
60 
40 
20 


-300        -200      -100  0  100  200 

TEMPERATURE      °  F 


4-57.      Lehigh  CVN  Results  A440  Steel 


NOTES 


240. 


TEMPERATURE   C 
-50  0 


-100  0 

TEMPERATURE  °F 


4-58.   Lehigh  K  Data  A440  Steel  "R"  Values,  o  Dynamic 

K  Values,  •  Static  K  Values,  H  Estimate  from  Equation 
4.5,  x  Point  of  Maximum  Valid  K. 

NOTES : 


24 


TEMPERATURE     "  C 
-200     -150       -100       -50  0         50 


140 


120 


100 


CVN 
(ft.- lb.) 


eo 


60 


40 


20 


-12.7mm 
-  25.4mm 
-50.8  mm 


100 


180 
160 

140 


-300        -200       -100  0 

TEMPERATURE 


100  200 


4-59.      Lehigh  CVN  Results  A588  Steel. 


NOTES 


242. 


TEMPERATURE   °C 
-50  0 


60 


40  - 


0 
120 


80  - 
Ke 

(ktiVln.) 


0 
120 


40-      ,-' 


80 

-  40 

0 

120 

eo 


25.4  mm 


_l_ 


Kc 


-  40 
_0 


80  - 


-i 1 1 1 1 r 

50.8  mm 


-100  0 

TEMPERATURE      °F 


100 


120 
80 
40 
0 


4-60.  Lehigh  K  Data  A588  Steel  "R"  Values,  o  Dynamic 

K  Values,  *  Static  K  Values,^  Estimate  from 
Equation  4.5,  x  p0jnf  Qf  Maximum  Valid  K. 

NOTES : 


243. 


TEMPERATURE         C 
-200     -150        -100       -50  0  50 


100 


120 


100 


CVN 
(ft.- lb.) 


eo 


60 


40 


20 


12.7mm 

25.4mm 

50.8mm 


180 
■160 
■140 

•120      CVN 
(Joules) 


-300        -200      -100  0 

TEMPERATURE 


4-61.   Lehigh  CVN  Results  SAE  1035  Steel 


NOTES : 


244. 


120 


40 

0 
120 


80 
Kc_ 
( ksiVin.) 
40 


0 
120 


80  - 


TEMPERATURE     °C 
-50  0 


12.7mm 


25.4mm 


_L 


— i r 

50.8  mm 


1 T 


-  120 


40 


-  120 


80 


120 


-200 


-100  0 

TEMPERATURE       °F 


100 


4-62.   Lehigh  K  Data  SAEI035  Steel  "R"  Values,  o 

Dynamic  K  Values,  »  Static  K  Values,  ■  Estimate 
from  Equation  4.5,  x  Point  of  Maximum  Valid  K. 

NOTES : 


245. 


STATIC  DYNAMIC 


TEMPERATURE  — • 
la.)      LOADING  RATE  EFFECTS 


TEMPERATURE 


lb.)     THICKNESS    EFFECTS 


4-63.  Effects  of  Temperature,  Loading  Rate  and  Thickness 

on  K  . 
c 

NOTES : 


246. 


K, 


CVN 


TEMPERATURE 


4-64.   Schematic  Representation  of  Correspondence  of 

Temperature  Transition  Regions  of  K  and  CVN  Curves. 

NOTES: 


247. 
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so 

120                160               200 

240 

280 

YIELD  STRENGTH,  kli 

4-65.   Temperature  Shift  versus  Yield  Strength, 


NOTES: 


248. 


CK/V  //>i/wcf  Value,  ft  lb 

ASTM 

Designation 

Thickness  (in.) 

Zone  I* 

Zone  2* 

Zo/ie  J* 

A36 

15  @  70°F 

15  @  40°F 

15®  10°F 

A572 

Up  to  4  in.  mechanically  fastened 

15@70°F 

15@40°F 

15®  10°F 

Up  to  2  in.  welded 

15  @  70°F 

15  @  40°F 

15®  10°F 

A440 

15  @  70°F 

15  @  40°F 

15  @  10°F 

A441 

15  @  70°F 

15@40°F 

15  @  10°F 

A242 

15  @  70°F 

15  @  40°F 

15®  10°F 

A588*« 

Up  to  4  in.  mechanically  fastened 

15  @  70°F 

15  @  40°F 

15  @  10°F 

Up  to  2  in.  welded 

15  @  70°F 

15@40°F 

15®  10°F 

Over  2  in.  welded 

20  @  70°F 

20  @  40°F 

20  @  10°F 

A514 

Up  to  4  in.  mechanically  fastened 

25  @  30°F 

25  @  0°F 

25  @  -30°F 

Up  to  2\  in.  welded 

25  @  30°F 

25  @  0°F 

25  @  -30°F 

Between  2  J-4  in.  welded 

35  @  30°F 

35  @  0°F 

35  @  -30°F 

'Zone  I :    minimum  service  temperature  0°F  and  above. 
Zone  2:    minimum  service  temperature  from  —I*  to  —  30° F. 
Zone  3:    minimum  tervice  temperature  from  —31*  to  —  60°  F. 
••If  the  yield  point  of  the  material  exceeds  65  ksi,  the  temperature  Tor  the  CVN  value  for  acceptability  shall  be  reduced  by  1 5°F  for  each  increment  of  10  ksi 
above  63  ksi. 


4-66.   AASHT0  Toughness  Requirements 


NOTES 


249, 


FATIGUE   LIFE 


CRACK    INITIATION 


CRACK    PROPAGATION 


FINAL  FAILURE 


4-67.   Stages  of  a  Structures  Life. 
NOTES : 


250. 


DESIGN 


MATERIAL 


FABRICATION 


NSPECTION 


4-68.  Design  Requirements 


NOTES 


251 


FIGURES  -  SESSION  5 

DISCUSSION  OF  FRACTURE  CONTROL  PLANS  FOR  NEW  AND  OLD  BRIDGE  STRUCTURES 

PRESENTATION  OF  CASE  STUDIES 


252. 


5-1   Overall  View  of  Bryte  Bend  Bridge,  Sacramento, 
Cal ifornia 

NOTES : 


253. 


5-2.   View  of  Twin  Structures  over  River. 


NOTES : 


254, 


TOTAl      LEM8TH     Of    8RlD8f    -      4.0S0     0' 


2«i  -8"        _      .        i?0 


?8i     t  200 


6     SPAM 


fc~t 


f'lt  p-ij 


EUVAT.QN-       RiVE«         SPANS 


L_  t 


P-IS  p-18 


It-tf         i*'     A  t    n  j.     y 


U    s 


M0>:,[      «*l»Ot 


5-3.  Section  and  Elevation  of  4,050  ft.  long  structure. 
NOTES : 


255. 


5-4.  Transition  Region  Between  Simple  Approach  Spans 
and  Continuous  Bridge  Structure 

NOTES : 


256. 


5-5.  Cross-Section  of  Box  Girder 


NOTES : 


257. 


5-6.   Plan  View  of  Brittle  Fracture  in  Flange 


NOTES 


258. 


5-7.  Brittle  Fracture  Origin  at  intersection  of  lateral 
attachment  and  flange  plate 

NOTES!   ~ 


259. 


5-8.   Brittle  Fracture  Surface  Showing  Classic  Herringbone 
Pattern  and  Small  Shear  Lips. 

NOTES : 


260. 


5-9.   Origin  of  Fracture  Showing  0.2-inch  deep  weld  crack 
and  I. 3- inch  Deep  Crack  . 

NOTES : | 


261 


K|C  TEST 


CRACK 


EXTENSION 


5-10.  Schematic  of  K.  Test  Specimen  and  P-A  Test  Record 

Ic      r 

a)   fatigue  cracked  specimen-sharp  notch 
'cR 
NOTES : 


P_  at  instabi  i  ity 


262. 


5-11.  Actual  Fracture  Surface  of  K.  Test  Specimen 

Ic      r 

NOTES : 


263. 


< 
o 

-J 


SPECIMEN 
TEMPERATURE 
58  op 


DISPLACEMENT  (A) 


5-12.  Actual  P-A  Test  Record  for  K.  Test  Specimen  • 
K   -55  ksi/Tn.  (satisfied  E-399  Test  Method 
atc+60°F) 

NOTES: 


264. 


K,  =U2avW 


5-13. 


a  ( in.) 

Stress-Flaw-Size  Relation  for  Edge  Crack  in  Steel 

with  K.  -  55  ksi/Fn". 
Ic 

a)  critical  crack  size  for  a 


b)  critical  crack  size  for  a   =  45  ksi 

c)  critical  crack  size  for  a  =   28  ksi 


NOTES 


265. 


100 
80 


(ksi)  60 


40 
20 


I 


a  ( in.) 

5-14.  Stress-Flaw  Size  Relation  for  Edge  Crack  in  Steel 

hh  K.  =  55  anc 
Ic 

a)  compare  a 


with  K.  =  55  and  150  ksi/in. 
Ic 


cr 


b)  effect  of  toughness 

c)  150  typical 


NOTES : 


266. 


5-15.   Schematic  Showing  Location  of  Additional  Flange 
Plates. 

NOTES : 


267, 


5-16.  Closeup  of  Additional  Plates  Attached  to  Origina 
Flange  Plates 

NOTES : 


268. 


5-17.  Overall  View  of  Additional  Plates  Extending  Back  to 
Zero  Stress  Region. 

NOTES : 


269. 


IV     (IMPROVEMENT  IN  UFE  DUE 
TO  LARGE  IMPROVEMENT 
IN  NOTCH  TOUGHNESS) 


(PLASTIC) 
BEHAVIOR 


(IMPROVEMENT  IN  LIFE  DUE  TO 
SMALLER  INITIAL  FLAW  SIZE)       I 
n 


NUMBER  OF  CYCLES  OF  FATIGUE  LOADING 


5-18.  Schematic  Showing  flaw  size-  fatigue  life  relations 
for  various  critical  crack  sizes. 

a)  Region  I 

b)  Region  I  I 

c)  Region  I  I  I 

d)  Region  IV 

NOTES : 


270. 


p^fc'-"^!'©^ 


5-19.   Profile  of  Quinnipiac  River  Bridge 


NOTES 


271. 


5-20.  Crack  in  Web  of  Fascia  Girder, 


NOTES 


272. 


5-21.  Crack  on  Bottom  of  Beam  Flange, 


NOTES 
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5-22.   Schematic  of  Girder  Showing  Sections  Removed 
for  Examination  at  Crack 

NOTES : 
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5-23.      Fracture  Surface  at  Flange-Web  Junction 


NOTES 


275. 


5-24.   Fracture  Surface  of  Web  Near  Longitudinal  Stiffener 
NOTES :  ' 
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5-25.      Ends  of   Longidud i na I    Stiffener  at  Crack 


NOTES 


277. 


5-26.   Fracture  Surface  of  Longitudinal  Stiffener  Showing 
Lack  of  Penetration  of  Transverse  Wei d 

NOTES! 


278, 


Region    Examined 

by  Electron    Microscope 


Longitudinal 
"Stiffener    4'/2"X3/8" 


7/i6 "   Web 


5-27.   Schematic  Showing  Location  Examined  by  Electron 
Microscope. 

NOTES : 
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5-28.  Crack  Growth  Striations  Nearest  Longitudinal 
Stiffener  -  49I25X 

NOTES: 


280. 


5-29.  Crack  Growth  Striations  Nearer  Web  Surface  -  49I25X 


NOTES 


281  . 


5-30.  Cleavage  in  Flange  Near  Bottom  Surface  -  4300X 
NOTES : 


282, 


T^ST    ^ Stage  n:  Fatigue  Crack 
Growth   thru  Web 


Stage  12:  Fatigue 
Crack  Growth 
in  Flange 


5-31.      Schematic  of  Crack  Growth   Stages 


NOTES 
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5-32.  CVN  Results  for  Web  and  Flange  Adjacent  to  Crack. 
NOTES : 
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FEDERALLY  COORDINATED   PROGRAM  OF  HIGHWAY 
RESEARCH  AND  DEVELOPMENT    (TCP) 


The  Offices  of  Research  and  Development  of  the 
Federal  Highway  Administration  are  responsible 
for  a  broad  program  of  research  with  resources 
including  its  own  staff,  contract  programs,  and  a 
Federal-Aid  program  which  is  conducted  bv  or 
through  the  State  highway  departments  and  which 
also  finances  the  National  Cooperative  Highway 
Research  Program  managed  by  the  Transportation 
Research  Board.  The  Federally  Coordinated  Pro- 
gram of  Highway  Research  and  Development 
(FCP)  is  a  carefully  selected  group  of  projects 
aimed  at  urgent,  national  problems,  which  concen- 
trates these  resources  on  these  problems  to  obtain 
timely  solutions.  Virtually  all  of  the  available 
funds  and  staff  resources  are  a  part  of  the  FCP. 
together  with  as  much  of  the  Federal-aid  research 
funds  of  the  States  and  the  NCHRP  resources  as 
the  States  agree  to  devote  to  these  projects." 


FCP   Category   Descrintln**- 

Improved    Highw 
tion  for  Safety     |j 

Safety  R&D  addressH 
the  responsibilities 
Administration  unde 
and  includes  investij 
standards,  roadside 
physical  and  scienti 
of  improved  safety  i 


3.  Environmental  Considerations  in  High- 
way Design,  Location,  Construction,  and 
Operation 

Environmental  R&D  is  directed  toward  identify- 
ing and  evaluating  highway  elements  which 
affect  the  quality  of  the  human  environment. 
The  ultimate  goals  are  reduction  of  adverse  high- 
way and  traffic  impacts,  and  protection  and 
enhancement  of  the  environment. 

4.  Improved  Materials  Utilization  and  Dura- 
bility 

Materials  R&D  is  concerned  with  expanding  the 
knowledge  of  materials  properties  and  technology 
to  fully  utilize  available  naturally  occurring 
materials,  to  develop  extender  or  substitute  ma- 
terials for  materials  in  short  supply,  and  to 
devise  procedures  for  converting  industrial  and 
other  wastes  into  useful  highway  products. 
TJiese_a£iii^ii<""ire  all  directed  toward. the  com- 
owering  the  cost  of  highway 
extending  the  period  of  main- 
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Reduction    of    1 
Improved  Operal 

Traffic  R&D  is  con 
operational  efficienc 
advancing  technolog 
existing  as  well  as 
ing  the  demand-caj 
balance  through  tn 
such  as  bus  and  ca 
motorist  information 


*  The  complete  7-volume 
available  from  the  Nation 
(NTIS),  Springfield,  Virgil 
price  $45  postpaid).  Si 
volume  are  obtainable 
Analysis  (HRD-2),  Office 
Federal    Highway    Adminis 


Reduce  Costs,  Extend 
nd  Insure  Structural 

prned  with  furthering  the 

/ances    in    structural    de- 

:esses.    and    construction 

safe,    efficient    highways 


ent  and  Implementa- 

aed  with  developing  and 
id  technology  into  prac- 
■n    commonlv    identified. 

y  for  Highway  Main- 

tives  include  the  develop- 
f  new  technology  to  im- 
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